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ABSTRACT 
Living organisms are likely to be exposed to chemicals released by 
exogenous sources through food, air, water and soil. The list of possible 
exogenous chemicals and their combinations are endless. Chemicals thus released 
include industrial chemicals, food additives, pesticides and drugs. Well known 
examples are polychlorinated dibenzo-p-dioxins, polychlorinated biphenyls 
(PCBs), metals, pesticides and PAHs. Various combinations of such chemicals 
have been detected in various compartments of the environment with increasing 
frequency. This raised awareness that living beings are not exposed to individual 
chemicals in isolation and the toxicity of individual chemicals may not truly 
represent the toxicity of chemicals in combination in a real life situation. Of 
greatest concern is that chemicals may elicit antagonistic or synergistic effects that 
go undetected in evaluation of individual chemical toxicity. 
During the few last decades, the industrial sector in India has exorbitandy 
increased in number and size. During different industrial activities, mining, 
agricultural and domestic activities, India produces annually about 960 million 
tonnes of solid waste as by-products, which pose major environmental and 
ecological problems besides occupying a large area of land for their storage 
/disposal. Commonly, the barren land-pits are used for dumping these wastes. 
Leachates produced from these landfill sites contain a wide range of 
contaminants viz. dissolved organic matter, inorganic cations and anions and 
heavy metals. These contaminants often share critical properties such as toxicity, 
high environmental persistence, high mobility, prone to contamination of ground 
water and high Upophilicity, resulting in bioaccumulation in food webs. 
The concern is to develop biomarkers which can be used to detect any 
subtie changes in a biological system exposed to the complex mixtures of 
leachates. Biomarkers include a variety of measures of specific molecular, cellular 
and physiological responses to contaminant exposure. This is due to the 
involvement of varied cellular mechanisms by an organism to cope with the 
disruption in homeostasis. Current research to develop a biomarker is focused at 
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several levels, ranging from cellular approaches to organismal level. Examples at 
the cellular level include modifications in gene expression as well as altering 
cellular structure and function for survival against the changing environments. 
One of such areas of current research involve a family of highly conserved stress 
proteins known as heat shock proteins (Hsps). These proteins are ubiquitous, 
occurring in all organisms from bacteria to humans. Hsps are categorized into 
families on basis of their molecular weights. There is substantial evidence that 
Hsps play important physiological roles in normal conditions and situations 
involving cellular stress. It has also been demonstrated that most Hsps have 
strong cyto-protective effects, are involved in many regulatory pathways, and 
behave as molecular chaperones for other cellular proteins. Many functional roles 
for Hsps are known, but the mechanisms for these multiple functions are not well 
understood. 
An inescapable consequence of oxidative metabolism is the production of 
reactive oxygen species (ROS). A number of defense systems exist naturally to 
combat the accumulation of ROS. Unfortunately, these mechanisms are not 
always adequate to counteract the production of ROS, resulting in what is termed 
as oxidative stress. Oxygen free radicals or activated oxygen has been implicated 
in diverse environmental stresses in animals and appears to be a common 
participant in most of the degenerative conditions in eukaryotic cells. The 
peroxidation of lipids, the cross-linking and inactivation of proteins and 
mutations in DNA are typical consequences of free radicals. At the cellular level, 
oxidant injury elicits a wide spectrum of responses ranging from proliferation to 
growth arrest, to senescence, to cell death. However, whatever the effect seen, it 
largely reflects the imbalance between a variety of intracellular stress signaling 
pathways that are activated in response to the oxidant result. 
Apoptosis, a regulated form of physiological cell death and essential for 
normal development, in its altered form, can cause a variety of pathological 
conditions. Consequentiy, cells have evolved numerous survival pathways to 
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counter pro-apoptotic stimuli, which include activation of stress related protein 
responses. Mitochondria play an important role during apoptosis by releasing 
various pro-apoptotic proteins like Smac and Cytochrome c. This is followed by 
changes in nuclear and cellular morphology, DNA nicking, exposure of 
phosphatidyl serine (PS) on the outer plasma membrane and activation of 
caspases. Recendy, ROS produced during oxidative stress have been implicated as 
a possible signaling molecule during apoptosis. 
The maintenance of genome integrity and fidelity is essential for the proper 
function and survival of all organisms. Failure to repair DNA lesions may result 
in blockages of transcription and replication, mutagenesis, and/or cellular 
cytotoxicity. In humans, DNA damage has been shown to be involved in a variety 
of genetically inherited disorders, in aging and in carcinogenesis. All eukaryotic 
cells have evolved a multiple responses to counteract potentially deleterious 
effects of DNA damage. Upon sensing DNA damage or stalls in replication, cell 
cycle checkpoints are activated to arrest cell cycle progression to allow time 
before the damage is passed on to daughter cells. In addition to checkpoint 
activation, the DNA damage response leads to induction of transcriptional 
programs, enhancement of DNA repair pathways, and when the level of damage 
is severe, apoptosis may occur. All of these processes are carefully coordinated so 
that the genetic material is faithfully maintained, duplicated and segregated within 
the cell. 
Finally, invertebrate and non mammalian vertebrate species are often 
overlooked or dismissed as possible experimental models based on general 
misconception that such species are too simplistic or primitive to provide 
discerning data relevant to human health and disease. However, physiological, 
biochemical and more recently genome sequencing data indicate profound 
similarities among humans, non primate vertebrates and invertebrates especially 
Drosophila. Indeed, alternate to animal models have contributed significantiy to 
our understanding of human toxicology. Expanded applications of alternative 
ABSTRACT 
models should expedite discovery of xenobiotdcs targets and facilitate 
identifications of cellular and genetic mechanisms of toxicity. 
Toxicological risk assessment of leachates based on meaningful in vivo 
bioassays in addition to the current analytical chemical measurements may 
provide some important mechanistic information. The ideal in vivo model should 
be the one where genetic background can be controlled and should allow the 
measurement of a variety of different cytotoxic and genetic endpoints. Drosophila 
melanogaster'\% a high-throughput model organism and has the important advantage 
that it allows a number of different cytotoxic and genetic end points to be 
measured. This model could be important in the study of enzymes and proteins 
involved in protection against environmental chemicals, for example, HspVO, 
SOD, CAT and DNA repair enzymes. Interaction of chemicals with biota takes 
place first at the cellular level making cellular responses not only the first 
manifestation of toxicity, but also suitable tools for the early and sensitive 
detection of chemical exposures. 
Chapter 1 highlights the cellular stress response and apoptosis in the 
leachates exposed organisms and also the importance of in vivo cell based assays 
for cellular toxicity studies. The study was aimed to examine the effect of 
leachates of solid wastes from a flashlight battery factory, a pigment plant and a 
tannery on 70kDa heat shock protein (HspVO) expression, generation of ROS, 
antioxidant enzyme activities and apoptosis in Drosophila. Third instar larvae of 
Drosophila melanogaster transgenic for hsplO {hsp70-lacZ) were fed on diet mixed 
with leachates of solid wastes (0.05-2.0%, v/v) released from three industrial 
plants at three different pH (7.00, 4.93 and 2.88) for 2-48h. A concentration- and 
time-dependent significant increase in HspVO expression, ROS generation, 
antioxidant enzymes activities and MDA content were observed in the exposed 
larvae. However, activities of antioxidant enzymes were delayed compared to the 
HspVO expression and MDA level in the leachates and metals exposed organisms. 
Mitochondria-mediated, caspase-dependent apoptotic cell death in the larvae 
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exposed to higher two concentrations (1.0 and 2.0%) of leachates from flashlight 
battery factory and tannery (FN, TN, FM, TM, FH and TH) was concurrent with 
a significant regression in Hsp70 expression along with a higher level of ROS 
generation. A positive correlation drawn between ROS generation and apoptotic 
markers and a negative correlation between apoptotic markers and Hsp70 
expression at these concentrations (1.0 and 2.0%) indicated the important role of 
ROS in the leachates induced cellular damage in the exposed organisms. Hsp70 
along with antioxidant enzymes offered protection to the organisms exposed to 
all the tested concentrations (0.5-2.0%) of the leachates of pigment plant waste 
(PN, PM and PH) and 0.1-0.5% leachates of flashlight battery factory and tanner)' 
wastes in a cooperative manner when ROS generation was less induced. 
Conversely, higher levels of ROS generation in the organisms treated with 1.0 and 
2.0% leachate of flashlight battery factory and tannery wastes after 24 and 48h 
resulted in regression of Hsp70 expression in the exposed organisms leading to 
cell death. The study suggests that (i) leachates of flashlight battery factory and 
tannery wastes more adversely affected the organisms in comparison to the 
leachates of pigment plant waste, (ii) The pH of the dosed diets fed to the larvae 
were between 6 - 6.5, indicating that the increased cellular toxicity of the acid 
leachates may be due to higher leaching of metal ions and possibly a generally 
higher yield of organic substances under acidic conditions, (iii) Hsp70 expression 
is regulated by the cellular redox conditions, i.e. altered levels of ROS generation 
against complex chemical mixtures, (iv) Hsp70 may act as a sensor for the 
transmission of redox changes in the Hfe of cells and thereby, might be a useful 
biomarker of exposure against complex chemical mixtures. 
The present study also suggests that analysis of different stress and 
apoptotic markers in organisms exposed to a complex chemical mixture (leachate) 
and also some of the possible detectable chemicals present in them can help to 
understand the associated mechanism of toxicity and to predict the biological 
damage at levels of biological organization. In this context, cell based assay using 
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D. melanogaster as an alternate animal model is valuable for providing essential 
informadon about the adverse effect of complex chemical mixture on the 
organism to elucidate molecular and mechanistic studies. 
Chapter 2 highlights the adverse effects of three industrial solid waste 
leachates on development, reproduction and survivorships in Drosophila. Freshly 
eclosed first instar larvae of D. melanogaster transgenic for hsp70, {hspJO-lacZ) Bg' 
were transferred to different dietary concentrations of the leachates (0.05-2.0%, 
v/v). A significant (p < 0.05) delay in mean emergence was observed at higher 
concentrations of adult flies indicating effect of the leachates on development of 
the organisms. The delay was direcdy proportional to the decrease in the pH of 
the extracting solvent. Larval mortality was also observed at the higher 
concentrations for FH (1.0 and 2.0%) and TH (2.0%) groups. Virgin flies eclosing 
from the normal and contaminated food were then pair-mated to examine the 
effect of the leachates on reproduction of the exposed organisms. A significant 
concentration-dependent (p < 0.05) effect on reproduction was observed in 
higher dietary concentrations of the leachates as compared to control. Leachates 
also exhibited hazardous effect on the reproductive organs of the exposed 
organisms as evident from Hsp70 expression and tissue damage. The impact of 
damage was comparatively more prominent in male flies than in females. Hsp70 
expression was restricted only within the testis lobes of male fly while it was not 
induced in the ovary of the female. Lack of hsp70 expression in the accessory 
gland of the male fly was in concurrence with tissue damage in them. This was 
further corroborated by ultrastructural changes like higher vacuolization and 
disorganized filamentous bodies in the accessory glands. The proteins (Acp70A 
and Acp36DE) secreted from main cells of accessory glands were found 
significantiy down-regulated at higher concentrations of the leachates. Thus, 
reduction in fecundity and fertility in the present study may either be attributed to 
the extensive damage of secretory cells of accessory glands or inhibitory effect of 
chemicals present in the leachates on the expression of these genes. A significant 
ABSTRACT 
effect on the survivorships of the organisms exposed to leachates from flashlight 
battery and tannery wastes was also observed. Contrary, no significant effect on 
survivorships was observed in the organisms exposed to leachates from pigment 
plant waste, the study suggests that (i) sub-organismal adverse responses affect at 
organismal level, (ii) Males are more sensitive than their opposite sex. (iii) 
Complex chemical mixtures cause adverse effects on sex peptide (SP or AcpYOA) 
and accessory gland protein (Acp36DE) expression that required facilitating 
normal reproduction, (iv) Hsp70 may be used as a marker of cellular damage for 
reproductive organs, (v) Drosophila can be used as an alternative animal model for 
reproductive toxicity studies. 
Chapter 3 highlights the suitability of Drosophila as an in vivo alternate 
animal model for DNA damage and repair studies. A modified alkaline Comet 
assay was performed with four well known mutagenic alkylating agents, i.e. ethyl 
methanesulphonate (EMS), methyl methanesulphonate (MMS), N-ehyl-N-
nitrosourea (ENU) and cyclophosphamide (CP). Third instar larvae (74 ± 2h) of 
Drosophila melanogaster (OregonR"^) were fed different concentrations of EMS, 
MMS, ENU and CP (0.05, 0.5 and l.OmM) mixed standard Drosophila food for 
24h. A concentration-dependent increase in DNA damage was observed with all 
four alkylating agents in comparison to control. The lower concentration 
(0.05mM) of the test chemicals, except MMS, did not induce any DNA damage in 
the midgut cells of the exposed larvae, when comparision of Comet parameters 
was made among chemicals, MMS was found to be the most potent genotoxicant 
and ENU the least. The present data in Drosophila assumes significance since they 
are comparable with those obtained in mammalian tissues. This study shows the 
usefulness of the modified method of Comet assay for the evaluation of in vivo 
genotoxicity in somatic cells of D. melanogaster. 
Subsequendy, the validated modified alkaline Comet assay was used to 
evaluate the genotoxic potential of the leachates from three industrial solid wastes 
in the brain ganglia and midgut cells of D. melanogaster (OregonR"^). Leachates 
ABSTRACT 
were prepared from three industrial solid wastes using different pH (7.00, 4.93 
and 2.88). Larvae (24h and 50h) were grown to 98h on standard Drosophiia diet 
containing 0.05-2.0% (v/v) leachates. All the leachates produced significant (p < 
0.05) concentration- and time-dependent increases in DNA damage in the brain 
ganglia and midgut cells of Drosophiia larvae. Leachates prepared with the highh^ 
acidic solvent (pH 2.88) were significantly more genotoxic than the leachates 
prepared with neutral solvent (pH 7.0) or the mildly acidic solvent (pH 4.93). The 
pH of the dosed diets fed to the larvae were between 6 - 6.8, indicating that the 
increased genotoxicity of the acid leachates may be due to higher leaching of 
metal ions and possibly a generally higher yield of organic substances under acidic 
conditions. Of the leachates evaluated, it is evident from the Comet parameters 
that leachates prepared from flashlight battery waste and tannery waste had 
greater DNA-damaging activity and leachates from the pigment plant waste had 
the least DNA-damaging potential. 
Next the modified alkaline Comet assay was used to evaluate the extent of 
DNA damage produced by leachates of solid wastes from flashlight battery, 
pigment, and tanning factories in D. melanogaster mutants, deficient in DNA repair 
proteins. Larvae were allowed to feed for 48 hr or 72 hr on a diet containing 0.1, 
0.5, and 2.0% (v/v) of the leachates. All three of the leachates produced higher 
levels of DNA damage in mutant strains mei41 (deficient in cell cycle check point 
protein), mus201 (deficient in nucleotide excision repair protein), /;>^ «j-i6'^  (deficient 
in protein responsible for interstrand crosslink and postreplication repair), and 
rad54 (deficient in protein responsible for joining double strand breaks by 
homologous recombination) than in the OregonR^ wild-type strain. Larvae of the 
ligaselV mutant strain (deficient in protein responsible for joining double strand 
breaks by non-homologous end joining) were hypersensitive only to the pigment 
plant waste leachate. Conversely, the dnasel mutant (deficient in protein 
responsible for degrading fragmented DNA) was significantiy more sensitive to 
DNA damage induction from the flashlight battery and tannery waste leachates. 
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The study suggests that (i) influence of multiple overlapping DNA repair 
pathways proteins in complex chemical mixtures induced DNA damage in 
Drosophila. (ii) The majority of the tested chemical induced double strand breaks 
(DSBs) are repaired by homologous recombination (HR) and only a small 
fraction by non-homologous end joining (NHEJ). (iii) The study further suggests 
the importance of Comet assay as a potential tool to study mechanism of DNA 
repair in D. melanogaster. 
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INTRODUCTION 
The phenotype of an organism is produced by the coordinated expression 
of all the genes carried by an organism within the restriction imposed by the 
environment. Thus, environment plays a crucial role in shaping physiology and 
ecology of biological systems. Rapid industrialization has led to a substantial 
increase in the generation of xenobiotics. Their presence in the environment not 
only affects the physiology of flora and fauna but also their ecosystem (Fent 2003, 
2004; Scott et al., 2005). Adverse effects of these xenobiotics have been generally 
studied either by biomonitoring or by epidemiological approaches. A major focus 
is on the use of these approaches to identify hazardous environmental substances 
and conditions, and to predict risk. Data on impact of xenobiotics at cellular level 
may permit more comprehensive understanding of their adverse effects. In this 
context, there is an increasing need to develop/identify sensitive 
biomarkers/assays and suitable model organisms for rapid and efficient toxicity 
assessment of wide variety of chemicals. 
Changes in the natural environment generate stress, which in turn affects 
cellular homeostasis. Cellular responses against such stresses are highly conserved, 
ubiquitous and essential mechanisms for survival. One of the responses against 
environmental stresses is the expression of a set of proteins called heat shock 
proteins (Hsps). It is believed to be an emergency response mechanism that has 
evolved to rapidly collect and divert all cellular resources to protect and sustain 
the cell (Feder and Hoffmann, 1999). This is exemplified in the general structure 
of heat shock genes (HSGs) and the eloquent system of activator or repressor 
heat shock factors (HSFs) that are employed to activate or attenuate the complete 
response. There are a number of key features that enhance the speed and 
accuracy of heat shock response. First, heat shock genes generally have very few 
introns, and those that are present are very small in size (Nover, 1991). This 
shortens the time required to transcribe and process pre-mRNA into a mature 
mRNA. Second, although only two heat shock element (HSEs) are necessary to 
activate the heat shock response, heat shock genes possess many HSEs (Pelham, 
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1982; Tsukiyama et al., 1994; Nover et al., 2001). In short, the evolution of this 
genetic system has produced a response so rapid that HSG transcripts are easily 
detectable within three minutes of exposure to heat stress (Schoffl and Key, 
1982). Thus, heat shock response is considered as a powerful genetic system to 
study responses at gene level against environmental chemicals. 
Heat shock response is a fundamental mechanism, necessary for cell 
survival under a wide variety of insults, including hyperthermia, exposure to 
heavy metals, amino acid analogues, cytotoxic drugs, pesticides, patho 
physiological states like fever, inflammation and ischemia (Nover, 1991; Kiang 
and Tsokos, 1998; Kar Chowdhuri et al., 1999, 2001; Ait-Aissa et al., 2003; 
Mukhopadhyay et al., 2003a; Sreedhar and Csermely, 2004; Nazir et al., 2006; 
Gupta et al., 2007a). Induction of stress protein synthesis can result in stress 
tolerance and protect cells against stress induced cellular damage. The exact 
mechanism of the xenobiotic interaction with the cell and subsequent Hsps 
expression is not well understood. However, it is generally admitted that the first 
step is related to structural damage to cell proteins (Voellmy, 1996; Hassen et al., 
2005). Hsps function in a variety of protein biosynthetic events such as protein 
synthesis, transport, folding of protein and are often referred to as protein 
chaperones (Morimoto, 1993). Under stress conditions, Hsp70 also prevents 
excessive apoptosis; although the mechanism of such activity is not well 
understood. It seems to remove unwanted and denatured proteins and arrest the 
production of ROS, which are inducers of apoptosis (Carpenter and Hofmann, 
2000; Sreedhar and Csermely, 2004; Wilczek, 2005). 
Recent years have witnessed enormous importance of biomarkers in 
molecular epidemiology. There is considerable interest in the use and application 
of biomarkers in toxicological studies (Huggett et al., 1992; Watson and Mutti, 
2004). Biomarkers can provide an early functional measure of organismal 
response exposed to chemical stressors in the environment. The types of 
biomarkers available range from (1) general (stress proteins) to specific (e.g. 
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acetylcholinesterase), (2) relatively low sensitivity to (e.g. histopathology) to high 
sensitivity (e.g. Cortisol) and (3) molecular to the individual level of biological 
organization (Huggett et al., 1992; Peakal, 1992; Adams et al., 2001; Watson and 
Mutti, 2004). Heat shock proteins appear to have good potential as biomarkers 
because they can be directly linked to cellular stress (Ryan and Hightower, 1999; 
Bierkens, 2000). Owing to their responsiveness to diverse forms of stress, the 
stress proteins have assumed widespread application in the field of toxicological 
studies (Ait-Aissa et al., 2003; Mukhopadhyay et al., 2003b; Nazir et al., 2003b, 
2006; Wilczek, 2005). In many cases, Hsps are useful biomarkers as their 
induction is more sensitive to stresses than traditional indices such as growth 
inhibition, survival or reproduction (Ryan and Hightower, 1996). Among 
different heat shock proteins, the stress inducible heat shock protein VOkDa 
(Hsp70) is well characterized, the most widely studied member of stress protein 
family and one of the first to be induced, especially in response to proteotoxicity 
or/ cytotoxicity (Hightower, 1991; Krone et al., 2005). 
Oxidative stress is a consequence of imbalance between pro-oxidant and 
antioxidant defense systems. The former includes reactive oxygen species (ROS) 
that are primarily generated as a by-product of normal metabolic activities 
(Chandra et al., 2000; Valko et al., 2006; Ryter et al., 2007) and have been 
reported to be involved in the toxicity of several xenobiotics including metals and 
pesticides (Valko et al, 2006; Gupta et al., 2007a). Therefore, pro-oxidants if not 
scavenged properly may cause oxidative damage to proteins, nucleic acids and 
lipids. Numerous cellular defense mechanisms exist to prevent the build up of 
ROS and collectively help to protect living organism against oxidative damage. 
These systems include superoxide dismutase (SOD) and catalase (CAT), which 
collectively remove superoxide (Oj) and hydrogen peroxide (HjOj) from the 
cytoplasm; Vitamin E and C, which function to terminate lipid chain reactions 
involving peroxy radicals. Glutathione peroxidase being absent, catalase acts as 
the only H2O2 scavenging enzyme in Drosophila (Mocket et al., 2003). Similarly, 
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detection of oxidatively modified molecules such as malondialdehyde (MDA) 
believed to be specific product of lipid peroxidation, has been considered to be a 
reliable marker of oxidative damage (Paragasam et al., 2006). Previously, an inter-
relationship between heat shock gene activity and oxidative stress has been 
conceived because many agents which affect cellular O2 consumption have been 
shown to induce heat shock response (Papp et al., 2003). Taken together, 
oxidative stress comprises an important aspect of toxicology and consequently, 
has received increasing attention in recent years. Recentiy, research has moved 
from observing the effects of oxidative stress at the level of organism to elucidate 
the mechanism behind the response and damage seen at cellular and molecular 
levels (Temple et al., 2005). Most of research on oxidative stress has taken place 
in mammalian models as the interest in oxidative stress has centered primarily 
around human health issues (Halliwell and Gutteridge, 1992; Banerjee et al., 2001; 
Hwang and Kim, 2007). A comparison of the data available for both mammalian 
and other model systems revealed that mechanisms of oxidative stress are similar 
across the species (Kultz, 2005). This suggests that model organisms may be used 
as surrogates for understanding various responses elicited by the environmental 
chemicals. 
Cells are endowed with different protective mechanisms yet an increase in 
stress beyond the threshold limit may result in cellular demise by necrosis 
(accidental cell death) or apoptosis (programmed cell death). Apoptosis is a 
genetically programmed cell death and can be used as sensitive and early indicator 
of chronic stress (Zakeri and Lockshin, 2002). Apoptosis usually proceeds 
through a stereotypical series of distinct morphological stages that include cellular 
and nuclear condensation, DNA fragmentation, mitochondrial dysfunction and 
loss of inner mitochondrial membrane potential. Mitochondria play an important 
role during apoptosis by releasing various pro-apoptotic proteins like Smac and 
Cytochrome c that leads to apoptosis (Duchen, 2004; Wang et al., 2007). Potential 
stimulants of apoptosis are factors that increase the risk of generating ROS. The 
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most important ones are metals (Valko et al., 2006), pesticides (Masoud et al., 
2003) or aromatic hydrocarbons (Wilczek et al., 2005). Overproduction of ROS is 
associated with many forms of apoptosis and necrosis (Sreedhar and Csermely, 
2004; Ryter et al., 2007). Apoptosis is also considered as a part of stress response 
for maintaining genomic and macromolecular integrity (Parcellier et al., 2003). 
This process serves to avoid tumorigenesis of organisms (Kultz, 2005). In this 
context, Hsp70, oxidative stress and apoptosis are likely to be linked in response 
to stress. A progress has been made over the past years in understanding stress 
induced apoptosis. However, chemical mixture induced apoptosis has not been 
delineated. Elucidating the mechanism of chemical mixture induced apoptosis 
may be an important step towards understanding the stress response in a broader 
sense. 
Development of any organism encompasses the most fascinating biological 
processes. During development, environment plays a crucial role and recent 
studies indicate the important paradigm of gene-environment interaction. Due to 
rapid industrialization, several environmental chemicals have been gaining access 
to the environment. In this context, it is pertinent that environmental chemicals 
can modulate development. Consequendy, it is at lower levels of biological 
organization that we will have the reasonable expectation of developing a basis of 
mechanistic understanding of how different environmental chemicals can 
modulate organismal function, which in turn will ultimately help in linking 
causality with predictable response (Livingstone et al., 2000). Hence, stress signals 
at molecular and cellular levels may be capable of providing early warning 
biomarkers of impaired development. 
Reproduction is essential for the continuation of the species and for life 
itself. Survival of species depends on its ability to transmit its intact genetic 
information from parent to offspring, generation after generation. This requires 
sexual maturity which in turn produces next progeny generation. Recent studies 
have reported reproductive impairment in organism exposed to various 
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environmental chemicals (Pant et al., 2003; Mukhopadhyay et al., 2003a, b; Gupta 
et al, 2007b). 
It has been shown that environmental chemicals can induce genotoxic 
effects in aquatic and terrestrial species including humans (Tice et al, 1987, 2000; 
Houk, 1992; Dhawan et al, 2002; Wilson et al, 2003; Mukhopadhyay et al, 2004). 
For many years, it has been recognized that modulation of the integrity of DNA 
occurs after exposure to genotoxic agents and currently there is much interest in 
determining the level of DNA strand break as a biomarker of assessing the 
genotoxic properties of the contaminants in biomonitoring studies (Tice et al., 
2000; Dhawan et al., 2002; Rajaguru et al., 2002; Deguchi et al., 2007). Among 
various techniques used to estimate the genotoxicity of xenobiotics, the Single 
Cell Gel Electrophoresis (SCGE) or Comet assay is becoming an increasingly 
popular technique. Comet assay has been widely used for studies in DNA repair, 
radiation biology, apoptosis, genetic toxicology and biomonitoring studies 
(Fairbairn et al., 1995; Olive et al., 1996, 1999; Vaghef et al., 1997; Dhawan et al., 
2001; Pavlica et al., 2001; Marczynski et al., 2002; Pruski and Dixon, 2002; 
Gichner et al., 2004; Mukhopadhyay et al., 2004; Deguchi et al., 2007). 
Nearly all DNA damage is harmful. Therefore, genomic integrity is crucial 
to survival and dependent on efficient mechanisms of DNA repair. Preservation 
of the genetic integrity is crucial for survival. Genomic stability is granted by the 
proper function of DNA metabolism (Rich et al., 2000; Wilson et al, 2003; 
Sekiguchi, 2006). Hence, alterations in mechanisms such as DNA replication, 
recombination and repair or cell cycle control lead to genetic changes with 
dramatic consequences to organism. Repair of DNA damage in eukar}'otes is 
complex involving multiple overlapping pathways. Thus, studies on DNA repair 
genes and their products have the potential to provide new inroads into 
understanding the multiple roles of DNA repair enzymes in eukaryotcs. 
Furthermore, some specialized DNA polymerases (e.g. PolG) tolerate damage 
during replication and bypass a lesion in a process that either gives an accurate 
INTRODUCTION 
replication product or a mutation (Scharer, 2003). The biological roles of these 
polymerases are not yet clear (Pang et al., 2005). 
Fundamental DNA repair pathways are functionally conserved in 
evolution among prokaryotes, lower eukaryotes and higher eukaryotes. However, 
some DNA repair proteins are species specific (Sekelsky et al., 2000a). Our 
knowledge on spectra of DNA damage and repair in eukaryotes has come from a 
number of sources like yeast and mammalian cell line systems (Lankenau and 
Gloor, 1998; Henderson, 1999; Denver et al., 2006). D. melanogaster, one of the 
most widely used models in developmental biology and genetics, has also 
emerged as an efficient model for studying mechanism of DNA repair (Sekelsky 
et al., 2000b; Laurencon et al., 2004; Romeijn et al., 2005) due to the availability of 
a large number of mutants (Henderson, 1999; Hernando et al., 2004). In this 
context, any study aimed to examine the influence of different DNA repair 
proteins of D. melanogaster ortholog to mammals by using mutant strains against 
environmental chemicals may be of great value. 
Industrial activity is one of the major contributing factors in the 
contamination of marine, surface and ground water (Rajaguru et al., 2003; Franco 
et al., 2006). Rapid industrialization in the developed and developing countries 
has led to a substantial increase in the generation of wastes. Disposal of waste to 
landfill remains the most common method of waste management globally. 
Leachates are generated by excess rain water percolating through the waste layers. 
It has been shown that chemical composition of the leachates is determined by a 
number of factors, like redox potential, pH and age of the leachates (Christensen 
et al., 1994). The pH has been considered to influence the solubility and mobility 
of the chemical species such as metals (Scott et al., 2005). For example, Cd is 
insoluble as the hydroxide form at neutral or alkaline pH but soluble at acidic pH 
(Mizutani et al., 1996). In addition, pH also influences redox reactions, complex 
formation and contaminated sorption (Scott et al., 2005). Therefore, it is 
presumed that pH determines the extent of toxicity by changing contents of 
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various metals and/or other components. In general, landfill leachates contain 
four groups of pollutants viz. dissolved organic matter, inorganic macro 
components, heavy metals and xenobiotic organic compounds (Christensen et al., 
2001). Heavy metals are among the most common contaminants and are 
associated with inflammation, cell damage and cancer (Seco et al., 2003; Franco et 
al., 2006). 
Following the current practices, health assessments of exposure to 
chemicals and the subsequent regulatory measures, e.g. classificadon and labeling, 
establishment of limit values such as maximum residue level (MRL), no observ^ed 
adverse effect level (NOAL), low observed adverse effect level (LOAL) etc. are 
generally based upon data from studies on the individual chemicals. However, 
humans are simultaneously exposed to a large number of chemicals that 
potentially possess a number of similar or different toxic effects. About 95% of 
all resources in toxicology are used to study the effect of single chemical (Yang, 
1994). Data on exposure to complex chemical mixtures are limited. The 
prediction of toxicological properties of a known chemical mixture requires 
detailed information on the composition of the mixture and the mechanism of 
action of each of the individual compound. For risk assessment, proper exposure 
data are needed. Most often, such detailed information is not available. Complex 
chemical mixtures like leachates contain hundreds, or even thousands of 
compounds, and their composition is qualitatively and quantitatively not fully 
known and may change over time. In addition, individual constituents may 
antagonize or synergize the effect of other chemical entities. Therefore, effect of 
mixture of chemicals may be quite different from that of individual chemicals and 
may not be easy to predict or extrapolate. Different workers reported the 
cytotoxic and genotoxic effect of the leachates (Houk, 1992; Ali et al., 2004; 
White and Claxton, 2004; Deguchi et al., 2007). In India, limited work has been 
carried out on biological effect of leachates from different industries on flora and 
fauna. Establishing the toxic potential of the leachates from different industrial 
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solid wastes on biota is of rritical scientific concern. 
In toxicology, rodents are used for classical studies. However, these 
experiments are expensive, time consuming and sometimes extrapolation remains 
inconclusive due to intra-species genetic variations. In recent years, issues of 
animal use and care in toxicological research and testing have become one of the 
fundamental concerns for scientists due to hue and cry mainly from animal rights 
organization. In this context, the potential of alternative animal models (e.g. fruit 
fly, nematodes, zebrafish, etc.) to assess the adverse effects of chemicals on living 
systems has recently attracted much attention in toxicology. The 3R's of the use 
of alternative animals have gained great significance (Festing et al., 1998; Benford 
et al., 2000): Reduction- reducing the number of animals used for the essential 
minimum needed to do experiments at hand. Refinement- improving how 
research and testing are performed to preclude pain and discomfort where 
possible, and Replacement- developing alternative methods and models which 
do not use intact animals and using them in place of test systems that use animals. 
To properly identify and assess the impact of chemicals on the 
environment, it is necessary to develop reliable test for evaluating hazardous 
effects of chemicals on flora and fauna. Drosophila, an insect is a well established 
alternative experimental model organism in genetics and developmental biology. 
Moreover, it has well documented genetics and developmental biology 
(Mushegian et al., 1998; Warrick et al., 1999; Bier, 2005). Its generation time is 
rapid and handling in the laboratory is simple along with its genes having high 
degree of structural and functional homology (at the amino acid sequence level) 
with those of higher vertebrates (Mushegian et al., 1998). In this context, this 
organism has emerged in recent years as a powerful model in toxicology (Kar 
Chowdhuri et al., 1999; Mukhopadhyay et al., 2003b, 2004; Nadda et al , 2005; 
Nazir et al., 2006; Gupta et al., 2007a, b) and also for elucidating the human 
disease pathways like neurological disorders, cancer, diabetes etc. (Warrick et al., 
1999; Auluck et a l , 2002; Bier, 2005; Wolf et al., 2006). The model raises few 
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ethical issues and is approved by European Centre for the Validation of 
Alternative Methods (ECVAM) and Organization for Economic Cooperation and 
Development (OECD) for genotoxicity testing. 
Based on the above, the fly model was used to examine the effect of the 
three industrial solid waste leachates (flashlight battery, pigment and tannery) at 
its various levels viz. cellular, developmental and genetic levels. 
Chapter 1 
1. Are heavy metals present in industrial solid wastes and their leachates? 
2. Whether leachates induce hsp70 expression and can it be used as a biomarker 
of cellular toxicity in transgenic Drosophila? Whether such an induction can 
be applied to suggest the highest non-toxic concentration of the pollutants? 
Is there any difference in hsp70 expression in organisms exposed to different 
leachates? 
3. Is there any intracellular ROS generation evoked by the leachates in the 
exposed organisms? 
4. Whether any statistical correlation exists between hsp70 induction and 
oxidative stress following exposure of the organisms to the leachates? 
5. What happens to the organisms when there is overwhelming in expression 
of Hsp70? 
6. Is upregulation of ROS and down-regulation of Hsp70 expression correlated 
with apoptotic cell death? What is the correlation between primary defense 
mechanisms and apoptosis? Does ROS modulate Hsp70 expression, 
antioxidant defense enzymes and apoptosis? 
7. Does the individual heavy metal present in the leachates induce cellular 
toxicity? 
Chapter 2 
1. Do leachates cause lengthening of developmental period in the exposed 
organisms? 
2. Whether leachates cause adverse effects on reproduction in the exposed 
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organisms? 
3. Do leachates evoke cellular toxicity in the reproductive organs of the 
exposed organisms? 
4. Does leachate induced reproductive toxicity influence the expression of 
accessory gland protein and sex peptide in the exposed organisms? 
5. Is there any correlation between sub-organismal response and orgamsmal 
response in the exposed organisms? 
Chapter 3 
2. Is Drosophila a suitable alternative animal model for studying in vivo 
genotoxicity assessment by alkaline Comet assay? 
3. Do industrial solid waste leachates induce DNA damage in D. melanogaster? 
4. What is the influence of pH of the extracting solvent of leachates in 
genotoxicity? 
5. What are the roles of DNA repair proteins in leachates induced DNA 
damage? 
11 
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2. Introduction 
In the last decade, the global economy has undergone radical changes that 
have had significant implications for the development of industrial operations. 
Industrial operations generate a vast number of chemicals. Each of them has to 
be considered as potentially hazardous. Toxicological effects of these chemicals 
may occur at all levels of biological organization, from the molecular to 
organismal level (Pent, 2003, 2004). Hence, a toxicological evaluation using 
bioassays has to be done to determine the actual hazardous properties of a given 
sample. The existing validated bioassays, mostiy based on lethality or 
reproduction have been shown to be inadequate in respect to their sensitivity, 
duration and expense of the test. In contrast, changes at cellular/or biochemical 
level are usually the first detectable responses to environmental perturbation. As 
these alterations underlie all effects at higher organizational level, they are very 
sensitive indicators of pollution. 
This review first provides an overview of stress response in toxicological 
studies, especially importance of Hsp70 in toxicological studies, then focuses on 
environmental chemicals-induced developmental and reproductive toxicity. A 
review has also been given on chemicals induced DNA damage and repair. 
Furthermore, an overview was also given on present scenario of industrial solid 
wastes generation in India and overseas and their possible adverse health effects. 
2.1. Stress response 
Stress is an integral component of the forces that derive in the course of 
evolution (Hoffmann and Parsons, 1997). Environmental stress is regarded as an 
"environmental factor causing a change in a biological system, which may 
potentially injurious" (Hoffmann and Parsons, 1991) and which has some fitness 
consequences (Bijlsma and Loeschcke, 1997; Hoffmann and Hercus, 2000). To 
counteract stressful situations, protective response is developed in all three super 
kingdoms, the archaea, the eubacteria and the eukaryotes (Kultz, 2003). Research 
into stress response has revealed the evolutionary mechanisms which are 
12 
MEMBW OF LITERATURE 
conserved both in prokaryotes and eukaryotes (Miller-Morey and van Dolah, 
2004; Temple et al., 2005). Heat shock or stress proteins and antioxidant defense 
systems (enzymatic as well as non-enzymatic) are the primary mechanisms to deal 
with stressful conditions (Ix-dcr and Hofmann, 1999; Rytcr ct al , 2007). 
Apoptosis has also been considered as an additional common stress response, 
when the dose of stress exceeds the cell's capacity- for maintaining genomic and 
macromolecular integrity (Parcellier et al., 2003; Kultz, 2005). This process serves 
to avoid tumorigenesis of organisms. Hence, cells have the ability to monitor the 
severit}Vdegree of stress or stress induced damage (Fig. 1). In this context, all 
these systems must be integral parts of stress response and are likely to be linked. 
However, knowledge of these aspects is fragmentary, especially against 
environmental chemicals. Thus, understanding the mechanisms to counteract 
different environmental chemical stress from a toxicological perspective will 
extend our knowledge and possibly put on a new perspective. 
Stress (Heat, UV, ROS, etc.) 
Necrosis Apoptosis 
Figure 1. Cellular stress elicits wide spectrum of responses. These responses 
depend upon the severity of the damage, which is further influenced by the cell 
type, the magiutude of the dose and the duration of exposure. 
2.1.1. Hea t shock response 
The German scientist Julius Sachs reported the first research report in the 
field of heat shock in the middle 18(KX The main conclusion of Sachs' research 
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was that increased temperature overcomes molecular forces, which maintain the 
internal organization of cells (Sachs, 1864). The next significant step in heat shock 
research was observed almost a century after Sachs' discoveries. In 1962, Ritossa 
serendipitously discovered a new pattern of gene activity in the polytene 
chromosome of Drosophila salivary gland cells. Subsequently, these puffs were 
found to be areas of localized transcription that synthesis a novel set of proteins, 
referred to as heat shock proteins (Hsps) (Tissieres et al., 1974; Lewis et al, 1975). 
This heat shock induced transcription and protein accumulation was then termed 
the heat shock response (HSR). 
In the last few decades, HSR was studied in a variety of organisms from 
bacteria to human and made a number of important observations: 1) Heat shock 
genes and their products are highly conserved across the taxa. 2) HSR can be 
induced by diverse agents including temperature (Lewis et al., 1975), amino acid 
analogues (Hightower, 1980), transition metals (Levinson et al., 1980; Franco et 
al., 2006), glucose deprivation (Pouyssegur et al., 1977; Nover, 1991), oxidants 
(Ryter et al., 2007), solvents (Nazir et al., 2003a), pesticides (Kar Chowdhuri et al., 
1999; Nazir et al., 2003b, c, 2006; Gupta et al., 2005a, b, 2007a, b; Mukhopadhyay 
et al., 2002, 2006) industrial runoffs (Mukhopadhyay et al., 2003b), food 
adulterants (Mukhopadhyay et al., 2003a) and hypoxia (Subjeck and Shyy, 1986). 
3) Hsps function as molecular chaperones in regulating cellular homeostasis and 
promoting survival (Hightower, 1991; Kampinga, 2005). 4) Heat shock genes are 
known to up-regulated during cell division and other non-stress cellular activities 
like development and immune response (Sreedhar and Csermely, 2004; Morrow 
et al., 2006). 5) Hsps play an important role during apoptosis and many types of 
disease (Parcellier et al., 2003; Aufrich, 2005). Taken together these characteristics 
suggest that Hsps expression may be used as a biomarker of environmental 
pollutant exposure. 
2.1.1.1. Heat shock protein families 
Heat shock proteins are classified into a number of families that are named 
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according to their molecular mass (kDa), amino acid sequence homologies and 
the functional aspects (Lindquist and Craig, 1988; Nover, 1991; Sanders, 1993). 
1) Small heat shock proteins (sHsp): Molecular weight (MW) range from 15-
40kDa. 2) Hsp60 family: Heat shock proteins with a MW of 58-60kDa. 3) 
Hsp70 family: The most prominent family with MW of 66-78kDa. 4) Hsp90 
family: Hsps with MW of 83-90kDa. 5) HsplOO family: Hsps with MW of 100-
llOkDa. 6) Other stress proteins: The 7kDa Ubiquitin and glucose regulated 
proteins (GRPs). 
Many family members have counterparts, referred to as heat shock 
cognates (HSC) that are expressed under normal non-stress conditions. 
2.1.1.2. Functions of heat shock proteins 
The Heat shock proteins (Hsps) are generally involved in cellular 
chaperone activities but they are also linked to numerous cellular activities. 
2.1.1.2.1. Small heat shock proteins 
The small Hsps are species specific and less highly conserved than most 
other stress proteins (Lindquist and Craig, 1988; Sanders, 1993). The abundance 
of small Hsps varies considerably, depending on the cell types and organisms 
studied. In addition, their expression depends on growth conditions, 
developmental state and differentiation (Morrow et al., 2006). Under stress 
conditions small Hsps may comprise more than 1.0% of the cellular proteins 
(Niwa et al., 2000). Furthermore, like other chaperones, small Hsps contribute to 
the balance between cell survival and cell death by preventing protein aggregation 
during stress (Kim et al., 1998; Haslbeck, 2002). There are four well characterized 
small hsp genes {hsp22, hsp23, hsp26 and hsp28) in Drosophila and all of them are 
located at the 67B region of Chromosome-3. 
2.1.1.2.2. Hsp60 family 
The proteins of this family are highly conserved across the taxa. These 
proteins are found in bacteria, chloroplasts and mitochondria of eukaryotes (Ang 
et al., 1991; Kiang and Tsokos, 1998) and Malpighian tubules of Drosophila larvae 
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(Lakhoda and Singh, 1996b). As a molecular chaperone, Hsp60 binds to target 
proteins to facilitate folding and assembly (Landry et al., 1992). Under adverse 
environmental conditions, Hsp60 expression increases and takes on an additional 
role during protein repair by binding damaged proteins to help and refold them 
to their native conformation (Martin et al., 1992). But unlike HspVO, Hsp60 is not 
able to break up already formed aggregates (Buchner et al., 1991). The Hsp60 
family members in Drosophila are Hsp60A, Hsp60B, Hsp60C and Hsp60D located 
at the lOA, 2ID, 25F and 34C regions of first and second chromosomes, 
respectively. 
2.1.1.2.3. Hsp70 family 
Hsp70 family is one of the most conserved and extensively studied stress 
proteins (Craig et al., 1983; Tutar, 2006). The proteins of Hsp70 family fulfill a 
variety of functions. Hsp70 stabilizes unfolded precursor proteins prior to their 
assembly into multi-molecular complexes in the cytosol and/or translocation into 
the endoplasmic reticulum and mitochondria (Nover, 1991; Kiang and Tsokos, 
1998) and maintains newly translocated proteins in an unfolded state before 
folding and assembly in the organelles. Hsp70 binds to the hydrophobic surfaces 
of denatured proteins, thus, promoting the dissolution of insoluble aggregates 
and the refolding of polypeptides (Ellis, 1990; Skowyra et al., 1990; Swain et al., 
2007). 
Hsp70 family in D. melanogaster includes both heat inducible (Hsp70) and 
constitutively expressed proteins (Hsc70). Different Hsc70 genes are expressed, 
with spatial and temporal variations, under normal growth conditions in 
Drosophila (Elefant and Palter, 1999). Two different loci, 87A7 and 87C1, 
respectively, on the right arm of chromosome-3 carry clusters of genes coding for 
the heat inducible Hsp70 in D. melanogaster. The 87A7 site carries two copies and 
the 87C1 site carries four copies of the heat inducible hsplO. The protein coding 
sequences in these hsplO genes show 97% identity amongst themselves (Ingolia et 
al., 1980; Karch et al., 1981). Drosophila hsplO exhibits 48% homology with dnak 
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(bacterial hsp7Q) in E. co// (Bardwell and Craig, 1984), 74% homology with yeast 
hsp70 and 85% homology with mouse hsplO (Moran et al,, 1983). 
Under stressful conditions, HspVO synthesis increases to protect the cells 
from cellular and protein damage (Hightower, 1991; Krone et al., 2005). The early 
induction of stress proteins especially Hsp70 by physical and chemical means 
have been reported to reduce toxic outcome of certain agents, thus highlighting 
their protective roles (Wilczek, 2005). 
Though the inducible hsp70 appears to be almost completely inactive in the 
absence of stress, other members of the hsp70 family are strongly expressed at 
normal temperatures (Craig et al., 1983). Heat shock cognates 70 {hsc70) genes 
encode polypeptides whose abundance during development seems always to be 
higher than that reached by inducible Hsp70 at maximal thermal induction 
(Perkins et al., 1990). Hsc70 facilitates the correct folding of nascent poh-peptides 
by stabilizing the peptide chains in a loosely folded state until synthesis has been 
completed and subsequently preventing the peptide from folding incorrectiy 
(Sanders, 1993). 
> | 
Peptide binding domain ^ _ ^ ^ | Q 2 i ^ ^ H * ' £ £ V D - C 
18kDa unknown 
Figure 2: Linear representation of Hsp70 domain. Hsp70 consists of a conserved 
N-terminal 44kDa ATPase domain, a less well conserved 18kDa peptide binding 
domain, and a lOkDa C-terminal domain of unknown function. C-terminal 
domain carries highly conserved EEVD terminal sequences. (Modified from 
Kampinga, 2005). 
2.1.1.2.4. Hsp90 family 
Hsp90 is one of the most abundant cytosolic proteins in eukaryotic cells 
(Becker and Craig, 1994). Hsp90 modulates many cellular activities by binding to 
target proteins, forming an inactive or unassembled complex (Gething and 
Sambrook, 1992; Te et al., 2007). Hsp90 also forms a stable complex with several 
members of the nuclear steroid receptor super family (Sanchez et al., 1987; 
Chambruad et al , 1990; Carson-Jurica et al., 1998; Perdew, 1998). In 
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Drosophila, Hsp90 functions as a capacitor for morphological evolution 
(Rutherford and Lindquist, 1998). In stressful conditions, the synthesis of Hsp90 
increases and may redirect cellular metabolism to enhance tolerance. The Hsp90 
family member in Drosophila is the hsp83 located at the 63BC locus. The hsp83 is 
the only heat shock protein coding gene in D. melanogaster-^hh. an intron (Hackett 
and Lis, 1983). 
lAA.l.S. HsplOO family 
HsplOO family includes Hspl04 and HspllO and appears to be induced by 
a wide variety of stressors in addition to heat shock. These proteins are found in 
diverse groups of organisms including yeast, marine invertebrates, fish and 
mammals (Sanders, 1993). However, HsplOO homologue has not yet been 
identified in Drosophila. Members of the HsplOO family play an important role in 
thermo-tolerance (Sanchez and Lindquist, 1990; Kim et al., 2007). These function 
as regulators of energy dependent proteolysis and as molecular chaperones 
(Burton and Baker, 2005). It has been reported to be involved in rRNA synthesis 
and processing (Black and Subjeck, 1991). 
2.1.1.2.6. Other members of heat shock gene famiily 
Several genes/proteins that have not been included in the above major 
families are induced by heat shock in different organisms. In Drosophila, hsrO) 
stands as one of the unique stress genes because of its several enigmatic 
characters (Lakhotia and Sharma, 1996). Several peptidyl prolyl isomerases have 
been identified as Hsps (LiUe et al., 1993). Ubiquitin is also considered as heat 
shock protein and is heat inducible (Craig et al., 1994). In addition, several other 
eukaryotic proteins like y-interferon in mammalian cells, albumin in rat liver 
(Srinivas et al., 1987), histone H2b in Drosophila, enolase and glyceradehyde-3-
phosphate dehydrogenase in yeast are also induced by heat (Lindquist, 1986). The 
ATP dependent ion protease JysU and rpoD of RNA polymerase in prokaryotes, 
are also heat inducible (Lindquist, 1986). 
2,1.1.3, Regulation of heat shock genes expression 
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The regulation of the heat shock expression is different between species. 
In Xenopus, mRNA encoding for hsps are present in normal conditions and these 
hsps mRNAs are selectively translated during stress (Beinz and Gurdon, 1982). In 
Drosophila and mammalian cells, heat shock genes are transcribed during stress 
and translation of non heat shock messages are blocked, permitting the exclusive 
translation of hsp mRNAs (Di Domenico et al., 1982; De Maio and Buchman, 
1991). 
2.1.1.3.1. Heat shock elements (HSEs) and heat shock factors (HSFs) 
Promoter of heat shock genes (HSGs) process several regulatory elements that 
are required for transcriptional activation. The ability of heat shock promoters to 
respond to stress is due to the presence of consensus sequences, which are 
located in the distal upstream promoter region. This DNA recognition sequence 
is referred to as the heat shock element (HSE) and consists of penta-nucleotide 
repeats with a core sequence of 5'-nGAAn-3' or its inverse complement 5'-
nTTCn-3' (Pelham, 1982). 
Heat shock transcription factors (HSFs) mediate the induction of heat 
shock proteins through binding to the HSE (Nover et al., 2001). HSFs are highly 
conserved both in plant and animal, but there are significant differences in the 
complement and activity of members of the HSF gene family. Although there are 
only one HSF gene in yeast (Wiederrechit et al., 1988) and Drosophila (Clos et al., 
1990), several members of the HSF gene (HSFl-4) have been found in 
vertebrates (Rabindran et al., 1991; Scharf et al., 1998; Pirkkala et al., 2001). 
2.1.1.3.2. Regulation: The regulation of heat shock response is based on a 
negative feedback inhibition model and has three stages (Schoffl et al., 1998). A 
schematic diagram given in Fig. 3 represents a generalized regulation of heat 
shock protein synthesis. 
Stage a. Repression: Under non-stress conditions, constitutively expressed 
HSFs monomers are repressed in the cytoplasm by Hsps by preventing 
trimerization. 
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Stage b. Activation: With the onset of stress, the repressing Hsps are 
sequestered to attend to stress denatured proteins, thereby freeing up the HSF 
monomers. HSF monomers gain the ability to bind DNA by trimerizing, which 
allows them to be improved into the nucleus and subsequendy find their target 
HSEs. 
Figure 3. Proposed mechanism of stress induced increase in Hsps in human and 
Drosophila cells. 1. HSFs residing in the cytosol are normally bound by Hsps and 
are inactive. 2. Under stress, such as heat shock, HSF separate from HSP, and are 
phosphorylated by protein kinase such as PKC. 3. Trimers are formed in the 
cytosol and enter into the nucleus to bind HSEs in the promoter region of HSGs. 
4. HSF is phosphorylated further, and Hsp mRNA is transcribed and leaves the 
nucleus for the cytosol. In the cytosol, new Hsps are synthesi2ed. 5. HSF returns 
to the cytosol and is bound once again by Hsp. (Modified from Kiang and 
Tsokos, 1998). 
Stage c. Attenuation: Post stress Hsps complete their stress related activities 
and begin to bind, fold and repress HSF monomers. Consequendy, levels of 
active trimerized HSFs fall and monomers accumulate. Once below critical HSF 
trimer concentrations, the heat shock gene transcription shuts off, returning the 
system to a ready (control) state (Fig. 3). 
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Changes in the stability of hsp mRNAs also play an important role in the 
expression of hsps. It is known that hsp70 mRNA is rapidly degraded during 
recovery from stress (Theodorakis and Morimoto, 1987; Decker and Parker, 
1994). The degradation of mRNAs is believed to be mediated by elements that 
are present in the untranslated region (UTR) of messages (Greenberg and 
Belasco, 1994). Previous observations have indicated that deletion of the 3' end 
of Drosophila hsplO gene resulted in a message that is no longer rapidly degraded 
after heat shock (Simcox et al., 1985). Thus, the regulatory element involved in 
the degradation of Drosophila hsp70 mRNA seems to located within the 3'UTR 
(Peterson aijd Lindquist, 1989). 
2.1.1.4, Utility of hsp70 expression as a marker against environmental 
chemical/s exposure 
Due to rapid industrialization, several environmental chemicals have been 
gaining access to the environment. They have been shown to affect 
environmental conditions and the quality of life all around the globe. Some of 
them are highly resistant to degradation and as a result, have become ubiquitously 
distributed, thereby posing threat not only to human health but also often 
destroying the environmental niches essential for survival of the species. 
Chemical analyses are time consuming and expensive and have the drawback that 
they cannot predict the ultimate bioavailability of a chemical. In this context, 
looking at the level at which all-possible adverse effect impact, i.e. at the cellular 
level offer a great advantage over chemical analyses. 
Recent years have witnessed enormous importance of biomarker in 
molecular epidemiology. There is considerable interest in the use and application 
of biomarkers both as a marker of exposure or effects (Watson and Mutti, 2004). 
Measurements of cellular molecules have been proposed as biomarkers in 
biomonitoring studies, these include but not limited to measuring inhibition of 
enzymes such as aminolevulinic acid dehydratase activity as an indicator of lead 
exposure, acetyl cholinesterase for organophosphate exposure, monoamine 
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oxidase-P for styrene and manganese toxicity, hemoglobin adducts, micro nuclei, 
DNA adducts for genotoxicity of chemicals (Huggett et al., 1992; Peakal, 1992; 
Watson and Mutti, 2004). Stress proteins have been proposed to have good 
potential as biomarkers because they can be directly linked to cellular stress 
(Hightower, 1991; Rossner et al., 2003; Sturzenbaum et al., 2005). Due to their 
conservation through evolution together with the wide diversity of their inducing 
agents and part of the cellular defense machinery, they become direct and specific 
marker of exposure or effect (Bierkens, 2000). 
Among the stress-proteins, Hsp70 is often the prominent protein to be 
expressed following environmental assaults. Whereas initially the regulation of 
Hsp70 synthesis was mainly studied through induction with a limited number of 
strong inducers such as heat, amino acid analogues, ionophores and heavy metals 
(Nover, 1991), during the past decade efforts have been made to study more 
environmental pollutants in order to study their ability to induce hsp70 (de 
Pomerai, 1996; Deane and Woo, 2006). The efficiency of Hsp70 expression as a 
biomarker of environmental pollution has been advocated by many researchers 
(Nadeau et al., 2001; Mukhopadhyay et al., 2003b, 2006; Krone et al., 2005; 
Franco et al., 2006; Nazir et al., 2006; Roh et al., 2006). Schroder et al. (2000) 
applied Hsp70 as a biomarker of cellular stress response under field conditions 
using the Umanda limanda as biomarker. The potency of various environmentally 
relevant organic and inorganic chemicals to induce Hsp70 was investigated by 
Ait-Aissa et al. (2000) in HeLa cell line. They suggested that induction of hsplO by 
the above chemicals through different mechanisms and use of Hsp70 in 
mechanistic studies for the detection of toxic effects of certain pollutants. A few 
studies showed that combination of pollutants can induce distinctive patterns of 
Hsps expression in soil nematodes and these patterns can become diagnostic 
fingerprints for specific toxicants in soil (Kohler et al., 1992; Stringham and 
Candido, 1994; Pyza et al., 1997; Lee and Choi, 2006). While studying the 
induction of hspGO and hsp70 in Oniscus asellus in response to number of heav}^ 
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metals exposure, Eckwert et al. (1997) showed the much quicker response of 
hsp70 than hsp60 against metals exposure. Additionally, Hsp70 expression was 
used as a biomarker in environmental monitoring studies in different species such 
as rotifers (Cochrane et al., 1991), fish (Washburn et al., 2002), molluscs 
(Radlowska et al., 2002), algae (Bierkens et al., 1998), and earthworm (Nadeau et 
al., 2001). However, HspVO expression studies have been limited in complex 
chemical mixture exposure conditions. 
2.1.1.5. Transgenic animal models for Hsp70 
The manner in which exposure to chemicals in the environment influences 
the incidences of human diseases is one of the relevant issues in the recent years. 
Recently, transgenic technology was proposed to address the issues of toxicology 
(Sacco et al., 2004). In toxicology, transgenic fish and invertebrates are no longer 
considered as "alternative models", but in fact are models of choice (Ballatori and 
ViUalobos, 2002). Transgenic zebrafish, medaka, fruitfly, and nematodes are used 
with increasing frequency to address many research questions including the 
interaction of gene and environment. Transgenic technology using reporter genes 
under the control of stress-inducible hsp-gcnc promoters has opened new 
perspectives for toxicology (Blechinger et al., 2002; van Dyk et al., 1994a, b; 
Candido and Jones, 1996; Mukhopadhyay et al., 2003b; Krone et al., 2005; Nazir 
et al., 2006; Gupta et al., 2007a). Employing this technology, researchers have 
constructed transgenic lines that express bacterial ^-galactosidase in response to 
stress. When these transgenic organisms are exposed to various pollutants, they 
express the reporter enzyme and turn blue. C. e/egans strains both with hsp70-/acZ 
(Stringham et al., 1992) and hsp16-lacZ (Guven et al., 1994a, b; Guven and de 
Pomerai, 1995) have been constructed. Induction of the stress-reporter enzyme in 
the latter strain has been shown to detect trace amount of cadmium in polluted 
soil samples (Candido and Jones, 1996; Mutwakil et al., 1997). In this context, 
researchers have successfully constructed and employed transgenic Drosophila for 
the laboratory based toxicity studies. Jowett (1991) and Jowett et al. (1999) 
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showed that transgenic fruit fly could be used to study the drug metabolism as 
well as oxidative stress. Kar Chowdhuri et al. (1999) reported hsp70 expression as 
a measure of cytotoxicity against hexachlorohexane, its isomers and metabolites 
in transgenic D. melanogaster (hsp70-lacZ)B£. The group used transgenic D. 
melanogaster line that expresses bacterial [S-galactosidase as a response to stress (Lis 
et al., 1983). Elevated levels of hsplO expression as a measure of cellular assault 
has been reported in transgenic D. melanogaster (hsp70-lacZ)B£ exposed to non-
systemic phthalimide fungicides (Nazir et al., 2003b, c), solvent (Nazir et al., 
2003a), industrial effluents (Mukhopadhyay et al., 2003b) organophosphates; 
dichlorvos (Gupta et al., 2005a, 2007a) and phosphamidon (Gupta et al., 2005b). 
2.1.1.6. Adverse effects of Hsp70 
The many advantages of the heat shock response suggest that natural 
selection should maximize the expression of HspTO. By contrast, the genes 
encoding HspVO have not undergone unlimited amplification in the genome, and 
the HspTO itself is subject to strict auto-regulation by multiple molecular 
mechanisms. Drosophila larvae transformed with extra copies of the hsp70 gene 
have greater larva-to-adult mortality and slower development than do control 
larvae (Krebs and Feder, 1997b). In Drosophila, by contrast, co-expression of (5-
galactosidase and Hsp70 has no greater cost for growth and development than 
does expression of Hsp70 alone (Krebs and Feder, 1998). Over expression of 
Hsp70 inhibits protein secretion and perturb the normal structures of nascent 
polypeptides (Ryan et al, 1992; Dorner and Kaufman, 1994). 
2.1.2. Reactive oxygen species (ROS) 
One of the paradoxes of life is that the molecule that sustains aerobic life, 
oxygen, is not only fundamentally essential for energy metabolism and 
respiration, but it has been implicated in diseases and degenerative conditions 
(Marx, 1985; Dotan et al., 2004). Most of the potentially harmful effects of 
oxygen are due to the formation of a number of chemical species, collectively 
known as reactive oxygen species (ROS). Many of such ROS are free radicals, i.e., 
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molecules or molecular fragments containing one or more unpaired electrons. 
ROS can be produced from both endogenous and exogenous substances. 
Potential endogenous sources include mitochondria, cytochrome P450 
metabolism, peroxisomes and inflammatory cell activation (Inoue et al., 2003). 
ROS can also be produced by a host exogenous process. These involve 
chlorinated compounds, metals, radiation, cigarette smoking, and certain drugs 
(Valko et al., 2006; Ryter et al., 2007). Reactive oxygen radicals have various 
chemical structures, such as superoxide radical (O2"), hydroxyl radical (OH) and 
non radical hydrogen peroxide (H2O2) (Hwang and Kim, 2007; Miller and Sen, 
2007). If these highly reactive products are not rapidly and effectively removed 
from the cells, they can damage a wide range of macromolecules including 
proteins, lipids and nucleic acids (Nousis et al., 2005; Hwang and Kim, 2007). 
Thus, both enzymatic and non enzymatic mechanisms evolved to protect cells 
from ROS toxicity. These protective mechanisms include anti-oxidants such as 
ascorbic acid and glutathione, as well as ROS scavenging enzymes such as SOD, 
catalase and peroxidase (Valko et al., 2006). Besides toxic effects, ROS have been 
reported to have beneficial effects. Their beneficial roles involve cellular response 
to noxious agents, as seen in defense against infectious agents and in the number 
of cellular signaling systems (PoU et al., 2004). 
2.1.2.1. Biochemistfy of superoxide radical (0{') 
The one electron reduction product of oxygen is superoxide radical, O2". 
Superoxide anion, arising either through metabolic processes or following oxygen 
activation by exogenous sources, can further interact with other molecules to 
generate secondary ROS, either directly or prevalentiy through enzyme- or metal-
catalyzed processes (Fridovich, 1986). Superoxide radical ion does not react 
directly with polypeptides or nucleic acids, and its ability to peroxidise lipids is 
controversial (Valko et al., 2006). Superoxide is depleted undergoing a 
dismutation reaction (Desideri and Falconi, 2003). 
2O2 - + 2H^ ^ ^ ^ > H2O2 + O2 
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SOD removes the superoxide radical by converting it to H2O2. O2" can act 
as a reducing agent for transition metals such as Fe^ "^  and Ca^^. An important 
consequence of metal reduction is that it can lead to H202-dependent formation 
of hydroxyl radicals (OH) by the following reaction: 
O^ - + Fe^ "^  > O2 + Fe^ "^ , followed by the Fenton reaction: 
Fe^^ + H2O2 • Fe^^ + OH + OH" 
2.1.2.2. Biochemistry of hydroxyl radical (OH) 
The hydroxyl radical is the most reactive species among ROS and is 
primarily responsible for the cytotoxic effects of oxygen in biota (HalUwell and 
Gutteridge, 1992; Srivastava and Chan, 2007). It can damage almost every 
molecule found in living cells. It is generally assumed that OH is generated in 
biological systems from H2O2 by the Fenton reaction (HalliweU and Gutteridge, 
1992). 
Mn"' (=Cu\ Fe '^ Co ' ^ + H2O2—• Mn'" (=Cu2\ Fe'", Co'") + H2O2 + OH + 
OH 
Mn"" = is a transitional metal ion 
Hydroxyl radicals can be produced from O2 under a variety of stress 
conditions and are involved in numerous cellular disorders such as inflammations, 
teratogenesis, cell death and killing of micro-organisms in pathogen-defense 
reactions (McCormick et al., 1994). 
2.1.2.3. Biochemistry of hydrogen peroxide (HjOj) 
H2O2 is produced intra-cellularly during normal aerobic cell metabolism by 
mitochondria, endoplasmic reticulum and peroxisomes, which contain a number 
of H2O2 generating enzymes. These enzymes include SOD, several oxidases such 
as glycolate oxidase, urate oxidase and fatty acyl CoA-oxidase, several peroxidases 
and flavin dehyrogenases (Boveris et al., 1972; HalliweU and Gutteridge, 1999; 
Bunik et al., 2007). H2O2 is decomposed to oxygen (Oj) and water (H2O) by 
enzymes such as catalase and glutathione peroxidase. In the presence of transition 
metals H2O2 can be reduced by the Haber-Weiss reaction to the hydroxyl radical 
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(HO). H2O2 is not stricdy classified as a radical as it does not have an unpaired 
electron. However, it has the ability to rapidly cross biological membranes and 
causes DNA damage, membrane disruption and the release of Ca^^ within the 
cells, leading to activation of Ca^^-dependent proteases and nucleases (Halliwell 
and Gutteridge, 1999). 
2.1.2.4. Oxidative stress 
Oxidative stress is a relatively new term in biology that was first introduced 
by Seis (1991). The imbalance between the pro-oxidant and anti-oxidant is 
referred to as oxidative stress. Such an imbalance plays a pivotal role in pathology 
and toxicology (Fig. 4) (Ryter et al., 2007). Compared to vertebrates, oxidative 
stress poses a relatively more serious challenge to the survival of insects. In 
insects, oxygen is transported to the cells by a tracheolar network without the 
involvement of oxygen-carrying protein in the blood vascular system. Insect 
tissues are thus, directiy exposed to approximately 20% oxygen while mammalian 
tissues are surrounded by a fluid containing only about 5% oxygen partial 
pressure due to the saturation of oxygen-binding capacity of hemoglobin at and 
around this concentration (Schaefer, 1981). 
Tissue injury ^^^^ Infiammatlon 
\
Oxidative damage 
Lipids, proteins and nucleic acids 
Figure 4. Oxidative stress is a consequence of excess of free radicals over 
antioxidant defences. Free radicals attack and oxidize cellular macromolecules. 
This leads to tissue injury and inflammation to the sites of injury. 
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2.1.2.5. Antioxidant defenses 
During evolution, aerobic cells developed a multiple set of interacting 
defense molecules to resist lifelong threat by ROS, collectively called as 
antioxidants. Antioxidants are molecules that slow or prevent the oxidation of 
other chemicals. Antioxidants are willing to give up their own electrons to 
radicals. When a free radical gains the electron from an antioxidant, it no longer 
needs to attack the cell and the chain reaction of oxidation is broken (Dekkers et 
al., 1996). After donating an electron, antioxidants are not harmful because they 
have the ability to accommodate the change in electrons without becoming 
reactive. The antioxidant responses include the induction of antioxidant enzymes 
such as superoxide dismutase (SOD) and catalase (CAT), glutathione peroxidase 
(GPx) as well as non-enzymatic anti-oxidants vitamin-E and -C. 
2,1.2.5.1. Superoxide dismutase (SOD) (superoxide: superoxide 
oxidoreductase EC 1.15.1.1) 
SOD was first isolated by Mann and Kleilin (1938) and thought to be a 
copper storage protein. Subsequentiy, the enzyme was identified by a number of 
names, erythrocuprein, indophenol oxidase and tetrazolium oxidase until its 
catalytic function was discovered by McCord and Fridovitch (1969). SOD is now 
known to catalyse the dismutation of reactive superoxide anion to HjOj and Oj. 
0{ + 0{ + 2H^  • H2O2 + O2 
This dismutation reaction shows that superoxide is both an oxidant and a 
reductant, eager to get rid of its extra electron or to take on another. The enzyme 
uses one superoxide radical to oxidize another. Since SOD is present in all 
aerobic organisms and in most (if not all) sub-cellular compartments that generate 
activated oxygen, it has been assumed that SOD has a central role in the defence 
against oxidative stress (Bowler et al., 1992; ScandaUas, 1993). There are three 
distinct types of SOD classified on the basis of the metal co-factor: Cu/Zn-SOD 
(SODl), Mn-SOD (SOD2) and Fe-SOD (Bannister et al., 1987). All forms of 
SOD are nuclear encoded and are targeted to their respective sub-cellular 
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compartments by an amino terminal amino acid sequence. Mn-SOD is a 
homotetramer (96kDa), found in mitochondria of eukaryotic cells (MacMiUan-
Crow et al., 1998). Cu/Zn-SOD is another type of isozyme, found in the cytosol. 
Cu/Zn SOD isozyme has two identical subunits of about 32kDa, although a 
monomeric structure has been found in E. coli (Battistoni et al., 1996; Stroppolo 
et al., 1998). Extra-cellular superoxide dismutase (EC-SOD) is a secretory, 
tetrameric, Cu/Zn containing glycoprotein. The higher plants, algae and many 
bacteria sometimes contain an additional Fe-SOD (Simm and Bromme, 2005). In 
Drosophila SOD gene is located at the 68A8-9 locus. 
2.1.2.5.2. Catalase (CAT) (H2O2: H2O2 oxidoreductase EC 1.11.1.6) 
CAT is a tetrameric heme-containing enzyme consisting of four identical 
tetrahedrally arranged subunits of 60kDa that contains a single ferritoporphyrin 
group per subunit, and has a molecular mass of about 240kDa. CAT catalyses the 
decomposition of H2O2 into water and molecular oxygen; and with hydrogen 
donors (methanol, ethanol, formic acid or phenols) with peroxidase activity: 
2H2O2 • 2H2O + O2 
In animals, hydrogen peroxide is detoxified by CAT and by glutathione 
peroxidase (GPx). Even though CAT is not essential for some cell types under 
normal conditions, it plays an important role in the acquisition of tolerance to 
oxidative stress in the adaptive response of cells. It has been shown that survival 
of rats exposed to 100% oxygen was increased when liposomes containing SOD 
and CAT were injected intravenously before and during the exposure (Turrens et 
al., 1984). The significant decreased capacity of a variety of tumors for detoxifying 
H2O2 is linked to a decreased level of catalase (Valko et al., 2006). This gene in 
Drosophila is located at 75D1-F1 loci on salivary gland polytene chromosome. 
2.1.2.6. Lipid peroxidation (LPO) 
LPO has been the subject of extensive studies for several decades, and its 
mechanism, dynamics and products are now fairly well established. Lipid 
peroxidation is initiated by the abstraction of a hydrogen atom from a bis-allylic 
29 
REVIEW OFLITERA TURE 
site (methylene group, -CHj-) between two double bonds of a poljoinsaturated 
fatty acid (PUFA) giving a carbon-centered lipid radical (L) (Equation 1), which 
reacts with oxygen forming a peroxyl radical, LOO (Equation 2). The peroxyl 
radical can react with an adjacent PUFA side chain (L'H) forming another lipid 
radical (L') and a lipid hydroperoxide [LOOH (Equation 3)] and propagating the 
chain reaction (Frei, 1994). 
LH • L + H (1) 
L + O2 • L O O (2) 
LOO + L ' H • L O O H + L' (3) 
Lipid hydroperoxides can decompose to a number of aldehydes such as 
malondialdehyde and 4-hydroxy-2-nonenal, which can diffuse from their site of 
production and cause further damage by oxidizing protein or DNA (Esterbauer 
et al., 1991; Dotan et al., 2004). 
2.1.2.7. Heat shock protein 70 (Hsp70) and oxidative stress 
An increase of ROS and resulting oxidative injury in the cellular 
environment is harmful to the organisms. In order to protect itself against these 
onslaughts, the cell has developed antioxidant strategies including the induction 
of heat shock protein Hsp70. In human monocytes, heme-oxygenase (HO), an 
oxidation specific stress protein, was co-induced with Hsp70 during 
erythrophagocytosis (Minisini et al., 1994). In human pre-monocytic line U937, 
heat shock prevented H202-induced alterations in mitochondrial membrane 
potential, while increasing the expression of Hsp70 (Polla et al., 1996). It thus 
appears that mitochondria are selective targets for HS-mediated protection 
against oxidative injury. Furthermore, in U937 cells, H202-induced a 
concentration-dependent trans-activation and DNA binding activity of HSFl, 
although DNA binding was lower with H2O2 than with heat Qacquier-Sarin and 
Polla, 1996). Thus, HSFl appears to belong to a group of ROS-modulated 
transcription factors (Sreedhar and Csermely, 2004). Recently, it has been shown 
that Hsp70 expression against arsenic trioxide exposure protects cells from 
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oxidative injury and apoptotic cell death by means of JNK activity (Kim et al., 
2005). 
2.1.3. Two modes of cell death: apoptosis and necrosis 
Apoptosis and necrosis have been regarded as morphologically and 
conceptually distinct modes of cell death. Apoptosis- associated nuclear 
condensation is usually accompanied by the activation of nucleases that first 
fragmented chromosomal DNA (Wyllie, 1980). During apoptosis plasma 
membrane integrity is maintained, which prevents the leakage of cytosoUc 
contents into extracellular domain. In contrast to apoptosis, necrosis is a passive 
form of cell death associated with inflammation due to release of lysosomal 
enzymes and spillage of the cell contents in to the extracellular milieu (Trump and 
Berezesky, 1995; Prasad et al., 2007). 
2.1.3.1. Apoptosis or programmed cell death (PCD) 
Apoptosis, a biochemically and morphologically distinct form of cell death, 
is an active process associated with cell shrinkage, nuclear and cytoplasmic 
condensation, release of Cytochrome c from mitochondria, depolarization in 
mitochondrial membrane, caspase activation, plasma membrane blebbing, 
phosphatidylserine externalization on the plasma membrane and the formation of 
apoptotic bodies that can be taken up and degraded by neighbouring cells (Allen 
et al., 1997; Ishimura et al., 2006). Apoptosis is a process of selective elimination 
of unwanted cells during normal development. Recendy, it has been shown that 
different environmental chemicals can trigger apoptotic cell death in the exposed 
organisms (Ryter et al., 2007). Whether a cell survives or dies in the presence of 
an insult is often determined by its proliferative status, repair enzyme capacity and 
the ability to induce proteins that either promote or inhibit the cell death process 
(Robertson and Orrenius, 2000; Gogvadze and Zhivotovsky, 2007). 
2.1.3.2. Apoptotic pathways 
Two major apoptotic pathways (Fig. 5) exist in mammalian cells: 1) 
extrinsic (death-receptor) pathway and 2) intrinsic pathway. 
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2.1.3.2.1. Extrinsic pathway 
The extrinsic or death receptor pathway involves plasma membrane death 
receptors, such as CD95 and TNF receptor. The death receptors contain an intra-
cytoplasmic domain called death domain (DD). When the CD95 ligand binds to 
CD95 receptor, the death domain of the receptor binds to the death domain on 
the Fas associated death domain (FADD) protein situated inside the membrane 
of the mitochondria. The death effector domains (DED) situated on these 
adaptor proteins in turn interact with the DED of pro-caspase-8 (and perhaps 
procaspase-10), resulting in caspase-8 (and caspase-10) activation. At this stage, 
the activation of the apoptotic cell death process can follow one of two 
alternative pathways. The first pathway is through the activation of other caspases 
(such as caspase-3) and therefore converges to the intrinsic pathway (Scaffidi et 
al., 1999). In alternative pathway, caspase cleaves and activates the proapoptotic 
protein Bid (Bcl-2 interacting domain) which then translocates to mitochondria 
and triggers permeabilisation of the outer membrane leading to the release of 
cytochrome c (Basu et al., 2006). 
2.1.3.2.2. Intrinsic pathway 
The intrinsic or mitochondrial pathway is characterized by the 
permeabilization of the outer mitochondrial membrane and the release of several 
pro-apoptotic factors into the cytosol (Green and Reed, 1998). A broad spectrum 
of environmental chemicals can induce this pathway. These include agents that 
generate oxidative stress or alter mitochondrial membrane polarization (Orrenius, 
2004). Intrinsic pathway starts with activation of Bax, which form oligomers on 
the outer membrane of mitochondria with proapoptotic Bcl-2 proteins Bid or 
Bad and facilitate the release of proapototic proteins (Ryter et al., 2007). The pro-
apoptotic factors include Cyt c (Yang et al., 1997), apoptosis inducing factor 
(AIF), Smac (second mitochondrial-derived activator of caspases) and Diablo 
(direct lAP-binding protein with low pi). Smac/Diablo has the ability to stop 
inhibitors of apoptosis (lAP) thereby committing the cell to apoptosis 
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(Hengartner, 2000). Cytochrome c binds to Apaf-1, which self-oligomerises and 
recniits pro-caspase-9 to form the apoptosome complex (Zou et al., 1997). This 
promotes the auto processing of pro-caspase-9 (Ryter et al., 2007), which in turn 
recruits and cleaves procaspase-3 that is then released into the cytosol to degrade 
target substrates proteolytically (Cain et al , 1999). 
Death Receptor Pathway (Extrinsic) Mitochondrial Pathway (Intrinsic) 
Fas 
Figure 5: The schematic diagram of apoptoric pathways. In the intrinsic pathway, 
environmental stress may cause direct mitochondrial damage or promote 
signaling pathways, resulting in activation of Bax. Bax form oligomers on the 
outer membrane of mitochondria with proapoptotic Bcl-2 proteins such as Bid or 
Bad and facilitate the release of Cyt c or Smac/Diablo. Cyt c forms a complex 
with caspase-9 and Apaf 1, leading to caspase-3 activation. Smac/Diablo 
antagonizes the lAP in the cytosol. In extrinsic pathway, death ligand (FasL) 
interacts with receptors and these interaction lead to the activation of caspase-8. 
Caspase-8 activation can lead to Caspase-3 activation or activation of Bid. 
(Modified from Hay and Guo, 2006; Ryter et al., 2007). 
2.1.3.3. Caspases 
Caspases are a set of cysteine proteases able to cleave amino acids after an 
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aspartic acid residue (Ryter et al., 2007). Caspases are divided into three groups 
(Samali and Orrenius, 1998): 
Group 1: caspase-1, -4 and -5, the cytokine processors 
Group 2: caspase-3, -6 and -7, the main effector caspases 
Group 3: caspases-2, -8, -9 and -10, which activates the group 2 caspases (initiator 
caspases) 
Caspase-2, -8, -9 and -10 are upstream initiator caspases, while the caspase-
3, -6 and -7 are the "workhorse" down stream effector caspases (Green and 
Kroemer, 1998; Hengartner, 2000). Caspase-8 and -10 each contains a death 
effector domain and caspase-2 and -9 have caspase activation and recruitment 
domain (CARD). 
2.1.3.4. Fly as a model to study apoptosis 
For almost a century, Drosophila has been a favorite model for geneticists 
and developmental biologists. However, the study of cell death pathways in the 
fly is a relatively recent undertaking. While in the mid 1980s, information about 
apoptotic pathways came from genetic studies in C ekgans (Ellis and Horvitz, 
1986) and a littie later in mammals with the discovery of the function of Bcl-2 as 
an apoptosis inhibitor (Vaux et al., 1988), fly research only started making head 
Hnes in the early 1990s. At the time when cloning of ced-3, the first C. ekgans cell 
death gene, was published in 1993 (Yuan et al, 1993), Drosophila was making its 
debut as model system to study the molecular basis of cell death (Abrams et al., 
1993), although sporadic reports of the study of ceU death in insect development 
predated this by a few decades (Vaux and Korsmeyer, 1999). In 1994, the results 
from genetic screens for cell death activators in the fly were published (White et 
al., 1994). Since then, like in the mammalian system, there has been a rapid 
progress in identifying molecules that make up the apoptotic apparatus in 
Drosophila. 
The analysis of Drosophila genome predicts about 50 proteins with a role in 
cell death pathways (Rubin et al., 2000). These include seven caspases (reviewed 
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by Hay and Guo, 2006). Drone (orthologue to mammalian Caspase-9), Strica, and 
Dredd (orthologue to mammalian Caspase-8) contain long N-terminal pro-
domains, suggesting they function as initiator caspases. Drice, Dcpl and Damm 
and Decay (orthologue to mammalian Caspase-3) contain short prodomains 
characteristic of executor caspases. Among them, Drone and Drice are critical 
initiator and executor caspases, respectively, for execution of cell death (Hay and 
Guo, 2006). In addition to several proteins with predicted functions in apoptosis 
signaling and regulation were also discovered. These include two Bcl-2 
homologues, an Apaf-1 homologue, two lAP homologues (DIAP), a p53 
homologue, a FADD homologue, and fiinctional homologues of CAD (dCAD) 
and ICAD (dICAD) (Rubin et al., 2000). Caspases dependent cell death is 
initiated by the incread expression of three proteins such as Reaper (Rpr), Head 
involution defective (Hid) and Grim (orthologue to mammalian Smac/Diablo) 
(W'hite et al., 1994; Grether et al., 1995; Chen et al., 1996). They promote death, 
in part, by binding to DIAP, disrupting its ability to inhibit caspase activity (Hay 
and Guo, 2006). These proteins are, known collectively as the RHG genes, 
sharing only homology in one or perhaps in two short regions (Zhou, 2005). 
C. elcgans 
Apoptotic signals 
I 
D. mclanogastcr 
Apoptotic signals 
Reaper, Hid and Cjrim 
1 \ 
Drone 
Mammals 
Smac/Diablo 
lAPs |Caspase-9 
V / 
Caspasc-3 
Apoptosis 
Figure 6: Comparison of caspase-dependent cell death in C. elegans, D. 
me/amgaster and mammals. 
2.1.3.5. Hsp70 as death determinants 
Paradoxically, macromoleeular damage to cells can engage one of two 
35 
! 
•^liH; 
J J l » 1 « a Jt''.Ftt«.l ^imoAljJ. lUX^ J"J«A^i"JI»l»W>»W1«*».Uw..t»li .^ REVIEW OF LITERATURE 
Opposing responses: apoptosis, a form of cell death that removes damaged cells 
and Hsp70 that prevents damage or facilitates recovery to maintain cell survival. 
Interactions between these two opposing pathways determine the ultimate fate of 
a cell. Hsp70 protects the cells from a wide range of lethal stimuli. Various 
mechanisms have been proposed to account for the cj^o-protective functions of 
HspVO (Saibil, 2000). HspVO protects cells from stress induced caspase-dependent 
apoptosis both upstream and downstream of the death associated mitochondrial 
events (Fig. 7). In the intrinsic pathway to cell death, Hsp70 prevents apoptosome 
formation. In a complementary series of experiments, Beere et al, (2000) and 
Saleh et al. (2000) showed that Hsp70 inhibits apoptosis by binding direcdy to 
Apaf-1, thereby precluding the eventual recruitment of pro-caspase-9 to the 
apoptosome. A similar study by Li et al. (2000) supports the above findings and 
demonstrated that Hsp70 exerts its inhibitory effect downstream of the release of 
Cyt c and upstream of the activation of caspase-3. 
Apoptotic stimuli 
Death receptors 
\ 
^ 
JNK 
Hsp70 
HspTO 
HspTO 
APOPTO<^T<; 
Figure 7. Hsp70 in modulation of apoptosis. Hsp70 controls the apoptotic 
pathway at different levels: at a pre-mitochondiial stage by inhibiting stress-
induced signaling (mediated by JNK kinases) or by stabilizing lysosomal 
membranes; at the mitochondrial level, by preventing Bax translocation; finally, at 
the post-mitochondrial stage by interacting with AIF and Apaf-1. 
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Hsp70 can also prevent caspase-independent cell death. This anti-apoptotic 
effect of Hsp70 is related to the protein ability to neutralize AIF apoptogenic 
effects by direct binding to the protein. The ATPase domain of Hsp70 is not 
required for this interaction, indicating that distinct part of the protein modulates 
the caspase-dependent and caspase-independent pathway, respectively (Parcellier 
et al., 2003). 
2.1.3.6. Oxidative stress and cell death 
Cell survival requires multiple factors, including appropriate proportions of 
molecular oxygen and various antioxidants (Chandra et al., 2000). A role for 
oxidative stress in apoptosis has been shaped by several independent 
observations. For many years, direct treatment of cells with oxidants like 
hydrogen peroxide or redox-active quinines was thought to exclusively cause 
necrosis, but a recent study has shown that ROS can trigger apoptosis (Hampton 
and Orrenius, 1997; Orrenius, 2004; Venkatakrishnan et al., 2006). Although 
most oxidative insults can be overcome by the cellular defense mechanisms, 
perturbation of this balance may result in either apoptotic or necrotic cell death. 
Recent studies have shown that the mode of cell death apoptosis or 
necrosis depends on severity of the insult (Ryter et al., 2007). Oxidants and 
antioxidants can not only determine cell fate, but can also modulate the mode of 
cell death. In addition to this direct evidence, several groups have suggested that 
intracellular ROS generation may constitute a conserved apoptotic event and cite 
ROS production as a critical determinant of toxicity associated with exposure to 
ionizing radiation, environmental chemicals and chemotherapeutic drugs 
(Zamzami et al., 1995; Ryter et al., 2007). The ability of various cellular 
antioxidants like catalase and N-acetylcysteine (NAC) to block apoptosis induced 
by diverse agents also argues for a central role for oxidative stress in apoptosis 
(Buttke and Sandstrom, 1994). Reciprocally, broad-spectrum anti-apoptotic 
proteins like Bcl-2 and the baculovirus protein p35 have been ascribed to an 
antioxidant function (Jacobson, 1996; Sah et al., 1999), again indicating that ROS 
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generation may be a requisite for apoptotic event. Meanwhile, in contrast to the 
body of literature aligning oxidative stress and apoptosis, some reports have 
shown that free radicals can attenuate apoptosis (Hampton and Orrenius, 1998). 
Fas 
Figure 8. Reactive oxygen species (ROS) and their interaction with the apoptotic 
pathway. The model proposed for HjOj induction of apoptosis is upregulation of 
the Fas-FasL system, leading to activation of caspase-8 and downstream caspases. 
H2O2 can also cause the release of cytochrome c from mitochondria into cytosol. 
In the cytosol, cytochrome c binding to Apaf 1 is a critical step in formation of 
the apoptososme. HjOj also activates some gene like p53. (Modified from 
Chandra et al., 2000). 
2.2. Developmental and reproductive toxicity 
Due to rapid industrialization, several environmental chemicals have been 
gaining access to the environment. There has been an increased risk from these 
chemicals that may be harmful to reproductive function. Homeostatic 
maintenance of a species requires proper development and reproductive 
functions in all organisms. Reproductive cycle begins with the formation of the 
primitive germ cells in the parents at the embryo-fetal stage and does not end 
until sexual maturity has been reached. A disturbance of the reproductive cycle 
can, depending upon type or timing, prevent or inhibit reproduction or result in 
developmental defects in the offspring. Developmental toxicants can affect 
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growth, puberty and fertility (Dent, 2007). Exposure to such chemicals may lead 
to death (in utero or post natal), structural defects, growth retardation, and 
functional deficits or childhood cancer (Goldman et al., 1985; Paigen et al.. 1987; 
Gopalakrishnan et al., 2007). 
In developmental and reproductive toxicology, the following potential effects 
may be caused by exposure to chemicals. 
• Impairment of male and female reproductive functions or capacity. 
• Induction of harmful effects on the progeny in the widest sense that is 
interfering with the normal development both before and after birth. It 
may cause both morphological malformations and functional disturbances. 
2.2.1. Hsp70 expression in assessing reproductive toxicity 
A wide range of environmental chemicals cause adverse effects on 
reproduction (Hernberg, 2002; Pant et al., 2003; Mukhopadhyay et al., 2003a,b). 
Chemical exposures trigger protective mechanisms in tissues that are mediated by 
stress proteins. A number of studies revealed the expression and potential 
function of heat shock proteins during gametogenesis (Dix, 1997a) and 
reproductive toxicology (Dix, 1997b; Dix and Hong, 1998; Gupta et al., 2007b). 
The study of Hsps is relevant to reproductive toxicology, since a wide variety of 
environmental chemicals, which cause DNA, protein. Lipid damage, arrested cell 
cycle and cellular demise also induce hsps promoters (Dix and Hong, 1998). 
These exposures can cause hazard on embryonic development, and often the 
expression of Hsps appears predictive of adverse effects. 
Hsp70 represents the most diverse and intensively smdied family of stress 
proteins expressed in the testes. Besides constitutively expressed Hsc70 and 
GRPs (Allen et al., 1996), stress inducible Hsp70-1 and Hsp70-3 can also be 
found in Sertoli and spermatogenic cells (Sarge, 1995). The unique Hsp70-2 is 
expressed during meiotic phase (Zakeri et al., 1988) and Hsc70t is expressed 
during post meiotic phase (Matsumoto and Fujimoto, 1990) of spermatogenesis. 
A newly recognized member of the Hsp70 family, Hsp70RY, has also been 
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reported in the testis of mouse and human (Dyer and Rosenberg, 1994). 
However, oocytes and cleavage stage mouse embryos do not induce the sunthesis 
of Hsp70s in response to heat or chemical stimuli (Hahnel et al., 1986). Pre-
ovulatory mouse oocytes constitutively express Hsc70 and Grp proteins, but can 
not mount a heat shock response with the induction of Hsp70-1 and Hsp70-3 
(Cruci et al., 1987). Similarly, post ovulatory mouse oocytes are also sensitive to 
elevated temperatures and lack inducibility of the Hsp70s (Hendry and Kola, 
1991). 
In contrast to protective functions of inducible Hsps in embryonic and 
somatic tissues, during spermatogenesis, very few studies are available on the role 
of Hsp70 in the reproductive tissues of D. melanogaster (Diy., 1997b). Lakhotia and 
Prasanth (2002) reported constitutive presence of the inducible Hsp70 in 
spermatogonia from second instar larval stage onwards. 
2.2.2. Accessory glands and sex peptides 
A pair of accessory gland in male reproductive system of Drosophila, 
develop from special set of cells in the genital imaginal disk (Nothinger et al., 
1977). Each gland produces and secretes a mixture of proteins that form 
components of the seminal fluid, which is transferred along with sperm to the 
female during mating (Walker et al., 2006). Mating in many insects drastically 
affects female reproductive physiology and behavior. Two most common and 
conspicuous post mating responses are increased egg laying, reduced receptivity 
and enhanced sperm storage capacity (KubU, 1996; Bloch Qazi and Wolfner, 
2003; Wigby and Chapman, 2005). Two peptides, Sex-Peptide (SP; Acp70A) and 
Acp36DE are responsible for eliciting these two post mating responses (Wigby 
and Chapman, 2005). Sex peptide (36 amino acid long), which has apparent 
binding sites in the reproductive tract or in pheripherial as well as afferent nerves, 
is known to stimulate the rate egg production and decrease female receptivity to 
remating (Ottiger et al., 2000; Wigby and Chapman, 2005). Acp36DE, is a 122 
kDa glycoprotein that is processed to a 68 kDa protein in the female after 
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transfer from the male reproductive system (Bloch Qazi and Wolfner, 2003) and 
is required for sperm storage in post mated females. Any disturbances in the 
above proteins affect the overall reproductive performance of the organism. 
2.3. Genetic toxicity or DNA damage 
DNA is the repository of hereditary information and the blueprint for 
operation of individual cells (Watson and Crick, 1953). DNA is constantly 
attacked by endogenous reactive metabolites, therapeutic drugs and plethora of 
environmental mutagens (Lindahl, 1993). MuUer (1927) first demonstrated that 
DNA damage could be induced by an external factor. He demonstrated that X-
ray treatment markedly increased the frequency of sex linked recessive lethal 
mutations in D. melanogaster. Chemical mutagenesis (sulfur mustered and related 
compounds) was first discovered by Auerbach and her associates in 1962. 
Subsequent observations by different workers discovered large v^ ariety of 
chemical mutagens including metals, pesticides, toxin etc. that react with DNA 
(Hartwig and Schwerdde, 2002; Scharer, 2003; Wilson et al., 2003). 
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Figure 9. A model for anri-mutagenic effect of DNA repair enzymes through 
repair (first line of defense) and apoptotic response (second Hne of defense) to 
prevent the induction of mutation. O^-methylguanine-cytosine pair, produced by 
alkylating agents, is converted to adenine-thymine pair. (Adopted from Sekiguchi, 
2006). 
DNA damage leads to a number of responses in the cell, which are tighdy 
coordinated with DNA repair (Fig. 9). The cell cycle is arrested in response to 
DNA damage to allow time for repair before replication and cell division (Zhou 
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and Elledge, 2000; Rouse and Jackson, 2002). If the damage load is too large for a 
cell to be repaired, the cell may undergo apoptosis to avoid the propagation of 
highly defective cells (Rich et al., 2000; Roos and Kania, 2006). 
Human exposure to chemicals in the environment will often be to complex 
mixtures, which may also contain genotoxic compounds and/or compounds that 
may be able to modify the responses of genotoxic agents. Well known mixtures 
are industrial solid waste leachates, cigarette smoke, polluted air etc. (Houk, 1992; 
Wilson et al., 2003). An extensive body of literature exists on the study of 
genotoxic effects of individual chemicals using both in vitro and in vivo test 
methods (Beranek, 1990; Lindhal, 1993). In addition, a number of complex 
mixtures of partly unknown chemical composition have also been tested, in 
bacteria, plant or in vitro assays (Chandra et al., 2005, 2006). However, limited 
information is available about how combined action or interaction between 
chemicals in mixtures may affect the overall genotoxic outcome or influence of 
major DNA repair pathways on chemical mixture induced DNA damage. 
2.3.1. Types of damages to the hereditary material (DNA) 
The number of ways that DNA molecules can be damaged is very large. 
The following major types of DNA damage generally occurred during chemical 
mutagenesis. 
2.3.1.1. Loss of DNA bases 
Chemicals forming bulky adducts can cause loss of DNA bases 
(depurimidation/ depyrimidation). Such chemicals can be either mono-functional 
or bi functional (with one or two reactive groups). Loss of a purine/pyrimidine 
base creates an apurinic/apyrimidinic (AP) site (also called an abasic site). Abasic 
sites are very labile and can also be spontaneously further fragmented to form 
cytotoxic single strand breaks (Scharer, 2003). 
2.3.1.2. Base modifications 
2.3,1.2.1. Deamination 
The primary amino groups of nucleic acid bases are somewhat unstable. 
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The hydrolytic reactions at the amine groups of C, 5-MeC, A and G leading to the 
base uracil thymine, hypoxanthine and xanthine, respectively (Lindahl, 1993). 
2.3.1.2.2. Chemical modifications 
In addition to hydrolysis, other reactive species can modify DNA. For 
example, reactive oxygen species (ROS), generated as byproducts during normal 
oxidative metabolism and also by different environmental chemicals, can react 
with DNA to give rise to one of over 100 oxidative modifications in DNA 
(Burrows and Muller, 1998). 
The most prominent oxidative base adducts include 8-oxyguanine, which is 
mutagenic and can block transcription; thymine glycol, which is mildly mutagenic 
but blocks DNA replication and transcription (Wilson et al., 2003; Das et al., 
2006) 
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2.3.1.3. Replication errors 
One of the major sources of potential alterations in DNA is the generation 
of mismatches or small insertions/or deletions during DNA replication. 
Although DNA polymerases are moderately accurate and most of their mistakes 
are immediately corrected by polymerase-associated proofreading exonucleases, 
replication machinery is not perfect (Reis et al., 2005). 
2.3.1.4. D N A cross-links 
Inter- or intra-strand cross-links are formed as a result of reaction with bi-
fiinctional chemicals (with two reactive groups) with nucleophilic centers in the 
DNA strands. Strand cross-links are highly cytotoxic because they block DNA 
replication and transcription (Scharer, 2003). 
2.3.1.5. DNA-protein cross-links 
DNA-protein cross-Unks (DPCs) are created when a protein becomes 
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covalently bound to DNA. DPCs occur following exposure of cells to a variety of 
cytotoxic, mutagenic carcinogenic agents (Barker et al., 2005). Proteins can 
become cross-linked to DNA direcdy through oxidative free radical mechanisms 
or they can be cross-linked indirectly through a chemical or drug linker or 
through coordination with a metal atom (Orlando et al., 1997). 
2.3.1.6. DNA adducts 
A large number of chemicals and/or their metabolites are able to bind 
covalendy to DNA forming DNA adducts. The formation of DNA adducts may 
subsequendy result in mutations in daughter cells. 
2.3.1.7. DNA strand breaks 
Double strand breaks are generated by environmental factors such as 
ionizing radiation (IR), metals, or by cellular metabolic products, such as 
recombination intermediates and transposon jumping (Romeijn et al., 2005; 
Sonoda et al., 2006). In replicating cells, chemical modification of genomic DNA 
such as hydrolysis, oxidation and non-enzymatic methylation of DNA can also 
generate double strand breaks (Lindahl, 1993). 
2.3.2. DNA damage control and repair mechanisms 
DNA damage being harmful, genomic integrity is crucial to survival which 
is dependent on efficient mechanisms of DNA repair. DNA repair may be 
defined as those cellular responses associated with the restoration of normal 
nucleotide sequences and the stereochemistry of DNA. Most DNA alterations 
are quickly corrected by a variety of repair processes. To date, there are 
biochemical and genetic evidences from bacteria, Drosophila and other eukaryotic 
systems for more than 130 distinct proteins involved in recognition and repair of 
DNA damage (Wood et al., 2001). 
The fundamental DNA repair pathways have been functionally conserved 
across the taxa and the proteins involved in repair process show high degrees 
homology (Denver et al., 2006). However, some DNA repair proteins are species 
specific (Sekelsky et al., 2000a). DNA repair mechanisms promote genomic 
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Stability and prevent cancer. Mutations in genes involved in DNA repair are 
responsible for the development tumors and a number of hereditary diseases 
characterized bv complex metabolic alterations (Christmann et al., 2003). 
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Figure 10. Most common DNA damaging agents, lesions, repair pathways and 
major repair proteins. 
Although all cells possess a number of different types of repair systems, 
each one is relatively specific for a certain type of DNA damage. Repair systems 
in general can be grouped into four broad categories: 1) Direct reversal of damage 
or photorepair. 2) Excision of damaged region, followed by precise replacement. 
3) Double-strand break repair. 4) Damage bypass or post replication repair. 
2.3.2.1. Direct reversal of damage or photorepair 
Mutagenic actions of UV rays are well known and can be reduced by 
simultaneous or subsequent exposure of UV-irradiated cell to visible light, a 
phenomenon known as photoreactivation or photo repair. The best studied 
photorepair is photoreversal of cyclo-butane pyrimidine dimers (CPDs) by the 
en2yme, CPD photolyase (Thompson and Sancar, 2002). CPD photolvase 
contains two chromophores responsible for absorbing light energy. 
45 
REVIEW OFLITERA TURE 
In all such photolyases, one of the chromophores is flavin (FADH), and the 
second, methenyl-tetrahydrofolate (MTHF) or 8-hydroxy-5-deazaflavin (8-HDF). 
MTHF and 8-HDF act as primary light gatherers, transferring their energy to 
FADH-. The energy from FADH- is then used to split the dimer (Thompson and 
Sancar, 2002). 
CPD photolyases (PHR) have been found in bacteria, yeast and several 
plants but not found in placental mammals (Henderson, 1999). In addition, 6-4 
photolyases (64PR), which repair pyrimidine (6-4) pyrimidine photoproducts (6-
4PPs) have been found in insects, reptiles and amphibians, but not in E. coli and 
yeast (Todo et al., 1996). The structure of 6-4PPs and CPDs and their effects on 
DNA conformation are sufficiendy different but these two proteins repair their 
respective substrates by similar reaction mechanism (Zhoa et al., 1997). Although 
it might seem that direct reversal of damage would be the simplest way to correct 
the damage, in most cases, the reverse reaction is not possible for thermodynamic 
or kinetic reasons (Henderson, 1999). 
2.3.2.2. Excision repair 
The major DNA repair mechanism takes advantage of the facts that DNA 
is double-stranded and the same information is present in both strands. 
Consequendy, in cases, where damage is present in just one strand, the damage 
can be accurately repaired by cutting it out (excision) and replacing it with new 
DNA synthesized using the complementary strand as template. All organisms 
employ at least three excision repair mechanisms (Denver et al., 2006): a) 
mismatch repair, b) base excision repair and c) nucleotide excision repair. 
2.3.2.2.1. Mismatch repair (MMR): correction of mismatched nucleotides 
Mismatch repair (MMR) is for the removal of base mismatches caused by 
spontaneous and induced errors (Umar and Kunkel, 1996). Regardless of the 
mechanism by which they are produced, mismatches can always be repaired by 
the molecules of mismatch repair pathway. In cases, where the appropriate DNA-
N-glycosylase is available, mismatches can also be repaired by the base excision 
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repair pathway (Sekiguchi, 2006). The mechanism of mismatch repair was 
thoroughly smdied in E. coli. The proteins that initiate the repair process are 
MutS, MutL, and MutH. MutS recognizes mismatches or I / D loops (loops 
caused by insertions or deletions) and binds to them. Binding of MutL stabilizes 
the complex. The MutS-MutL complex activates MutH, which locates a nearby 
methyl group and nicks the newly synthesized strand opposite the methyl group 
(Sekiguchi, 2006). 
DNA pol6, RFC, I DNA ligase 1 
PCNA, RPA 
G. i:==-c 
Figure 11. Mismatch repair pathway. The nicked strand contains the erroneous 
base. Mismatch is recognized bv the Msh6-Msh2 hetenxlimer (MutSa). 
Recruitment of Mlhl/Pms2 (MutLa) and PCNA leads to the formation of a loop 
structure. Exonucleases and helicases are then recruited to degrade the error-
containing strand. The gap is subsequendy fiUed by the replication machinery' and 
DNA ligase I seals the nick. 
Excision is accomplished by a single-strand specific exonuclease, followed 
by resynthesis (Pol III) and ligation (DNA Hgase I). These proteins are conserv^ed 
in eukar\^otes (Buermeyer et al., 1999). The S. ceremiae genome encodes six 
47 
".^lajt^- REVIEW OFUTERA TURE 
MutS (Mshl-6) homologues and four MutL (Mlhl-3 and Pmsl) homologues. 
Although yeast orthologue of each of these except Mshl have been identified in 
mammals, Drosophila has only one Msh2 orthologue encoded by spellchecker (Flores 
and Engels, 1999). The complete Drosophila genome sequence reveals a single 
additional family member, an orthologue of Msh6; there are no orthologues of 
Msh3-5 (Sekelsky et al., 2000a). 
E. colt MutS and MutL function as homodimers, the eukaryotic proteins 
function as heterodimers. Heterodimers of MutS homologues are responsible for 
initial recognition of mismatches and small insertions/deletions, and 
heterodimers of MutL homologues interact with the resulting complex, as in E. 
coli. In contrast to E. coli, however, some eukaryotic MutL homologues play a 
specific catalytic role in MMR. Msh2 and Msh6 form MutSa, and Msh2 and 
Msh3 form MutSp (Marsischky et al., 1996). MutL homologues also form 
heterodimers. The major heterodimer, MutLa, contains Pmsl (yeast)/Pms2 
(human) in addition to Mlhl. The second heterodimer, MutLP consists of Mlhl 
and Mlh2 (yeast)/Pmsl (human). As with the MutS homologue Drosophila has just 
two members of this family, othologue of Mlhl and Pms2. Thus, the major 
heterodimer, MutLa is present, but MutLP, the minor one is not present 
(Sekelsky et al., 2000a). Thus, Drosophila has retained a minimal set of eukaryotic 
mismatche repair genes, but whether these are capable of carrying out all the 
functions remains to be seen. 
2.3.2.2.2. Base excision repair (BER) 
The BER most commonly employed to remove incorrect bases or 
damaged bases (Lindahl, 1993). BER consists of three basic steps (Fig. 12): a) 
Recognition and removal of the incorrect base by an appropriate DNA N-
glycosylase. b) Nicking of the damaged DNA strand by AP endonuclease 
upstream of the AP site, thus creating a 3'-OH terminus adjacent to the AP site, 
c) Extension of the 3'-OH terminus by a DNA polymerase, accompanied by 
excision of the AP site. 
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A large number of DNA N-glycosylases has been identified in different 
organisms. In mammalian cells, 11 different glycosvlase have been characterized 
by different substrate specificities. N-glycosylases recognize and remove damaged 
or incorrect (e.g. uracil) bases by hydrolyzing the N-glycosylic bond between the 
base and the deoxyribose (Scharer and Jiricny, 2001), as illustrated below by the 
action of uracil DNA N-glycosylase (Fig. 13). The next step in BER is catalyzed 
by an AP endonuclease, which cleaves the DNA backbone of the AP site (Wilson 
and Barsky, 2001). 
s.^. 
m Base damage g e ^ 
AP 
endonuclease 
DNA 
polymeraseP 
(dRPase activity) 
Uracil DNA 
N-glycosylase 
DNA 
polymerasep 
dCT 
ks" 
m B DNA Ligase III 
Xrccl 
.AAA 
Figure 12: Basic pathway of base excision repair. Recognition of the DNA lesion 
occurs by a specific DNA glycosylase which removes the damage base h\ 
hydroslysing the N-glycosyUc bond. The remaining AP site is processed bv AP 
endonuclease. Finally, resynthcsis occurs bv poip and ligation by DNA ligase. 
An alternative longer patch repair (LPR) pathway is also sometimes 
employed in eukaryotic cells. In contrast to SPR, several additional steps occur 
during LPR. E\'idcncc suggests an important role of poip in LPR as well (Diancn-, 
1999), although the altcrnari\c PCNA dependent pathwav using pol\'mcrasc5 or 
8, PCNA (I^CNA is a cofactor for both pol 6 and 8) play a major role in BER 
(Srivastava et al., 1998). The mechanism involves synthesis of a new stretch of 
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DNA several nucleotides long, which results in displacement of the strand 
temainated by the deoxyribose phosphate group (dRP). The displaced strand is 
then probably removed by a structure-specific nuclease [called DNaselV or Fen-1 
(flap endonuclease) in mammals, Rad27 in S. cerevisiae and CG8648 and CGI 0670 
in Drosophila, to create a Ugatable substrate (De Mott et al., 1996; Sekelsky et al., 
2000a). The final Ugation step is carried out by ligase 1 (Srivastava et al., 1998). 
O 
I " TCH *^  . 
() 
II 
UracU AP site 
( ) 4 - 0 HN CH DNA 
O r^*( \ •CH Glycosylase O - p - O 
H,C 
Figure 13. Action of uracil DNA N-glycosylase. Note that this glycosylase 
specialized for removing uracil (U). Although U:A is not mutagenic, the presence 
of U instead of T alters the affinities of DNA-binding proteins. 
After strand cleavage by AP endonuclease, the nick retains a 3'-OH 
tcnninus that can be extended bv DNA poip, the majf)r polvmcrase for base 
excision repair in mammalian cells (Sobol et al., 1996; Dianov et al., 1999). DNA 
poip has two distinct enzvmatic acti\ities. Using its polvmerasc acti\'it\', poip 
incorporates the correct nucleotide at the AP site, and then, with deoxyribose 
phosphatase (dRPase) activity, it excises the deoxyribose phosphate moiety 
(Prasad et al., 1998; Sobol et al., 2000). In short patch repair (SPR) pathway, the 
final ligation step is carried out by DNA ligase III in parmership with the Xrccl 
protein (Kubota et al., 1996). 
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The absence of sequence encoding poip in the Drosophila genome suggests 
that the PCNA-dependent pathway represent the only mechanism for base 
excision repair (BER) in Drosophila (Sekelsky et al., 2000a). 
l.'i.l.l.i. Nucleotide excision repair (NER) 
The plethora of DNA-reactive chemicals in our environment combined 
with the huge variety of alterations on DNA can generate so many types of 
damages that coping with all types of damages by evolutionary development of 
damage-specific DNA glycosylases would be difficult (if not impossible). 
Fortunately, a different, more flexible damage repair mechanism has evolved in 
living organisms, nucleotide excision repair (NER), which recognizes damaged 
regions based on their abnormal structure as well as on their abnormal chemistry, 
then excises and replaces them. In all organisms, NER involves the following 
steps (Fig. 14): a) lesions recognition and localized unwinding of DNA. b) 
Binding of a multi-protein complex at the damaged site, c) Incision of the 
damaged strand several nucleotides away from the damaged site, on both the 5' 
and 3' sides, d) Excision of the damage-containing oligonucleotide from between 
the two nicks, e) Filling in of the resulting gap by a DNA polymerase, f) Ligation. 
NER consists of two distinct pathways termed as global genomic repair 
(GG-NER) and transcription coupled repair (TC-NER). GG-NER is largely 
removes lesions from the non-transcribed region of the genome. In GG-NER 
two different heterodimeric proteins cooperate to recognize the damage and 
initiate repair. One of these heterodimers is DDB (damaged-DNA-binding 
protein). DDB consists of two polypeptides, DDBl and XPE or DDB2 (Tang 
and Chu, 2002). Following recognition, XPC access to the damaged site along 
with HR23B (Hwang et al., 1999). XPC/HR23B is thought to cause structural 
distortion during binding to the damaged region. The increased distortion permits 
the entry and binding of transcription factor TFIIH (a 10 protein complex) 
(Yokoi et al., 2000). Two of these subunits (XPB and XPD) are helicases, which 
bind to the damaged site followed by XPA (Schaeffer et al., 1993). After XPA 
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binds, subsequent unwinding by XPB and XPD permits two more proteins RPA 
and XPG to bind. XPG is a structure-specific nuclease, which is homologous to 
Mus201 (dmXPG) o( Drosopbila. Concomitant with the binding of XPA, RPA and 
XPG, XPC and HR23B are released. These two proteins (XPC and HR23B) are 
then free to recycle to other damaged sites where the repair process has not yet 
been initiated. 
NER removes damage through out the genome, but in humans and yeast, 
damage within the transcribed strands of genes is usually repaired more rapidly 
than damage in the non-transcribed strand (Balajee and Bohr, 2000; Hanalwalt, 
2002). In humans, TC-NER requires all of the proteins needed for GG-NER 
except for XPE, XPC and HR23B, suggesting that a different mechanism is 
involved in recognizing damage in transcribed strands (Schaeffer et al., 1993; Le 
Page et al., 2000). RNA pol stops when it runs into damage in the template strand 
(Mullenders and Berneburg, 2001). This leads to recruitment of CSA and CSB, 
two extra proteins, required in TC-NER (Henning et al., 1995). They recruit 
TFIIH to the damaged site and displace RNA pol and the nascent transcript. 
Drosophila genome does not encode apparent homologue of either CSA or CSB. 
Thus, the absence of these proteins and experimental results indicate that TCR 
does not occur in Drosophila (de Cock et al., 1992; van der Helm et al., 1997). 
The next step in the repair process, for both GG-NER and TC-NER, is 
recruitment of another structure-specific endonuclease, the XPF-Erccl 
heterodimer. Both XPG and XPF-Erccl are specific for junctions between 
single- and double-stranded DNA. XPG, which is closely related to the Fen-1 
nuclease that participates in base excision repair, cuts on the 3' side of such a 
junction (Habraken et al., 1994), while Erccl /XPF (a heterodimeric protein 
complex) cuts on the 5' side (Sijbers et al., 1996). Next the replicative gap-repair 
proteins, RFC, PCNA, and DNA polymerases or s, bind to the 3'-OH group and 
carry out new DNA synthesis. The final nick is sealed by DNA ligase I and 
accessory factors (Araujo et al., 2000). 
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RFC, PCNA, DNA pol5/8, DNA lie 1 
Figure 14. Mechanism of nucleotide excision repair (NER). During GG-NER, 
recognition of lesion occurs by XPC-HR23B, RPA-XPA or DDB1-DDB2. 
Unwinding is performed by the TFIIH, and excision of the lesion by XPG and 
XPF-Erccl . During TC-NER, lesion blocks RNA pol 11. This leads to assembly 
of CSA, CSB and TFU at the site of lesion. Subsequently, exonuclcases XPI"— 
Erccl and XPG clea\ing the lesion-containing DNA strand. Finallv, resvnthesis 
occurs bv Pol6 or Pole and ligation bv DNA ligasc 1. 
2.3.2.3. Repair of double strand breaks (DSBs) 
In eukarj'otes, the maintenance of chromosomal stabilirv' in the face of 
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mutagens induced DSBs are repaired by two different types of mechanisms 
(Haber, 1999). One type takes advantage of proteins that promote homologous 
recombination (HR) to obtain instrucdons from the sister or homologous 
chromosome for proper repair of breaks (Hochegger et al., 2004). The other type 
permits joining of ends even if there is no sequence similarity between them. The 
latter process is called non-homologous end joining (NHEJ). 
2.3.2.3.1. Double strand break repair by non-homologous end joining 
(NHEJ) 
Non-homologous end-joining (NHEJ) uses litde or no homology at all to 
repair the break (Romeijn et al., 2005). Several mechanisms may contribute. The 
core set of NHEJ proteins is conserved in all eukaryotic cells. Two additional 
proteins (DNA-Pkcs and Artemis) are present only in mammals. In yeast and also 
in the genomes of D. melanogaster and C elegans, no homologue of the mammalian 
DNA-Pkcs and Artemis proteins has been identified (Gorski et al., 2003). 
NHEJ is initiated by DNA end binding proteins Ku70 and Ku80 (Xrcc5), 
followed by the recruitment of the catalytic subunit of DNA dependent protein 
kinase pNA-Pkc) (O'Driscoll and Jegg, 2006). In vitro, DNA-Pkcs can 
phosphorylate several target proteins such as p53, the Ku proteins and 
themselves, however littie is known about the relevance for the in vivo situation 
(Pastink et al., 2001; Brugmans et al., 2007). One of the DNA-Pkcs is Xrcc4 
(Leber et al., 1998), which forms a stable complex with DNA LigaselV. 
The Xrcc4-LigaseIV complex binds to the ends of DNA molecules and 
links together duplex DNA molecules with complementary but non ligatable ends 
(Lee et al., 2003). Before this ligation can take place, both the 5' and 3' ends of 
each of the DNA strands to be joined must be processed to become proper 
ligation substrates (simple nick with 3'-OH and 5'-phosphate) (Grawunder et al., 
1997). Processing of DNA DSBs is mainly performed by Mrell-Rad50-Nbsl 
complex (Nelms et al., 1998), which displays exonuclease and helicase activity 
(Paull and Gellert, 1999) and removing excess DNA of 3' flap. The 5' flaps is 
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removed by flap exonuclease 1 (Fenl) (Christmann et al., 2003). Their 
recruitment to ends is independent of DNA-Pkcs and Artemis and probably 
accounts for the ability of yeast and Drosophila cells to carry out efficient NHEJ in 
the absence of DNA-Pkcs and Artemis (Pastnick et al., 2001). 
DNA breaks 
X Dama&e recosnifion. Ku binds 
ag« 
• Ku recruits DNA-Pkcs • ^ ' ^ 
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Figure 15. Double strand breaks repaired by non-homologous end joining. Non 
homologous end-joining involves recognition of the double strand breaks, 
processing of non-complementary or damaged DNA ends and the subsequent 
ligation of DNA ends. 
2.3.2.3.2. Double strand break repair by homologous recombination (HR) 
Double strand breaks repair by HR is initiated by nucleolytic resection in 
5'-3' direction by Mrcll-Rad50-Nbsl (x\IRN) complex (Brugmans ct al., 2(H)7). 
Tlie resulting 3' single-stranded DNA is thereafter bound bv Rad52 proteins 
(Stasiak et al., 2000). Rad52 competes with Ku complex and this may determine 
whether DSB is repaired by HR or NHEJ pathway (van Dyck et al., 1999). Rad52 
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interacts with RadSl and replication protein A (RPA) (Kagwa et al., 2001), 
stimulating DNA strand exchange activity of RadSl (New et al., 1998). The 
RadSl coated single stranded DNA tail, referred to as nucleoprotein filament, can 
undergo homology-driven invasion of the intact sister chromatid with a help of 
Rad54 (Symington, 2002), creating a joint molecule called as heteroduplexes. The 
assembly of the RadSl nucleoprotein filament is facilitated by different paralogs 
of RadSl (RadSl B, RadSlC, RadSlD, Xrcc2 and Xrcc3) (liu et al., 2002; Wiese 
et al., 2002). 
Z ^ Z n Z Z Z I Z Double strand breaks, 
• •^^^^™^—^^"^ Damage rccognirion 
I MRN complex 
End processing 
I Rad 51, Rad52, Rad54, RPA, Bracal, Braca2 
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Figure 16. Double strand breaks (DSB) by homologous recombination. Free 
DNA ends are formed at the site of DSB are first recognized and processed. 
Subsequendy, a joint molecule is formed between the damage and undamaged 
DNA molecules. Template guided DNA synthesis then provides the damage 
molecule with a copy of the undamaged strand. 
Drosophila gtnome. encodes four RadSl paralogs (Spnb, Spnd, CG2412 and 
CG6318) (Blanton and Sekelsky, 2004). Capture of the second resected single-
stranded DNA tail into the joint molecule has been proposed to exercise either 
through invasion as the first end or by DNA synthesis and branch migration 
(Symington, 2002). vVnother important protein that interacts with RadSl is RPA 
(Golub et al., 1998). RPA is supposed to stabilize RadSl- mediated DNA pairing 
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by binding to the displaced DNA strand (Eggler et al., 2002). After DSB 
recognition and strand exchange performed by Rad proteins the resulting 
structures are resolved according to the classical model of Holliday (Holliday, 
1964; Constantinou et al., 2001). Resolution of the joint homologous 
recombination partners requires structure-specific endonuclease. The Xrcc3 and 
RadSlC (paralog of RadSl) proteins are associated with such an activity although 
its identity is not yet known (Liu et al., 2004). 
2.3.2.4. Post replication repair and bypass tolerance mechanism (BTM) 
An error-free DNA replication system is required to pass accurate genetic 
information on to the next progeny (Reis et al., 2005). Cells have excellent 
systems for avoiding different genetic alterations by removing and repairing of 
the damaged lesions before DNA (Friedberg, 1995), but inevitably a limited 
number of lesions sHp past the repair network (Murakumo et al., 2007). If a lesion 
on template DNA escapes these repair systems, a polymerase may stall at this 
point and start synthesis again downstream, resulting in a single strand gap on 
DNA, which can be repaired by post-replication repair (PRR) (Hochegger et al., 
2004). PRR refer to the network of DNA damage tolerance pathways that allow 
prokaryotes and eukaryotes to bypass lesions during replication and correct them 
latter (Reis et al., 2005). Usually homologous recombination (HR) repair in PRR 
can fix this gap without base substitution (Rupp et al., 1971), but when this repair 
does not happen, DNA synthesis by a bypass formation across the lesion called 
trans-lesion synthesis (TLS) may take place to fill the gap (Friedberg et al., 1990). 
HR associated with PRR in early experiments with NER-defective E. coli, but the 
generality of this has been questioned recentiy (Courcelle et al., 2001a; Hochegger 
et al., 2004) and, in eukaryotes, PRR-associated HR has been difficult to detect 
experimentally (Courcelle et al., 2001b). Alternatively, TLS DNA polymerases 
(pol0, ^, a, ri, I, K, A. and \£) were thought to fiU the gaps by overcoming 
replicative obstacles (Broomfield et al., 2001; Christmann et al., 2003). Although 
several molecules were recently identified to function as TLS in eukaryotes, it is 
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not known yet how cells can distinguish these proteins and use them properly to 
maintain genetic information (Murakumo et al., 2007). TLS is considered as the 
last resort for DNA repair because mutations can be induced during this step 
(Kunz et al., 2000). 
= ^ s . 
DNA damage' 
Replication fork block v 
^ 
Break Homologous recombination 
- ^ 
Translesion synthesis 
Figure 17. Models of post-replication repair. Damage in replication forks leads to 
the formation of gaps and breaks in one of the daughter strands. Two major 
mechanisms have been proposed to overcome the replication block. HR uses the 
undamaged sister chromatid as a template to either fill the gap or patch the break. 
Alternatively TLS polymerase might be employed to replicate over the lesion. 
(Modified from Hochegger et al., 2004). 
Besides translesion DNA synthesis, some D N A polymerases also appear to 
be in\'oIved in direct removal of lesions (Christmann et al., 2003). FoR, displavs 
deoxyribose phosphate lyase (dRPase) activity, inserts nucleotides in small gaps 
containing a 5'-phosphatc group (Ciarcia-Diaz et al., 2002) and is therefore also 
associated with BER (Garcia-Diaz ct al., 2{HK)). Poljj plavs a role in somatic 
hypermutation of immunoglobulin genes (Reynaud et al., 2001) and participates 
in DNA end-filling during V(D)J recombination and non-homologous end-
joining (Ruiz ct al., 2001). PolG, which is homologous to the Mus.>08 of D. 
melanogaster^ coding for a putative DNA polymerase-helicase is involved in inter-
strand cross-link repair (Bilbao et al., 2(K)2; Pang ct al, 2(KlS). PolG is also 
competent at bypassing AP sites, where it inserts an A residue. Since most AP 
sites are consequences of purine loss, and A is a purine base, repair by pol6 is 
58 
'^'SaK REVIEW OFUTERA TURE 
frequently error-free. 
2.3.2.5. D N A damage signaling and check point control 
In eukaryotes, DNA damage check points monitor the state of genomic 
DNA. After exposure to DNA-damaging agents, eukaryotic cells activate check 
point pathways that delay cell cycle progression, allowing additional time for 
repair DNA damage (Zhou and Eledge, 2000). This delay in cell cycle progression 
is accomplished by a group of phosphatidylinositoI-3-kinases (Jaklevic and Su, 
2004). These kinases are Atm (ataxia telangiectasia mutated), Atr (ataxia 
telangiectasia related), Chkl and Chk2 in mammals and other eukaryotes (Savitsky 
et al., 1995; Jaklevic and Su, 2004). Check point kinases appear to interact direcdy 
with damage DNA (Kitazono and Matsumoto, 1998), which results in activation 
of their kinase activity (Unsal-Kacmaz et al., 2002). The Drosophila homologue of 
Atm and Atr are CG6535 and Mei41, respectively (Brodsky et al., 2000). 
Atm phosphorylates Chk2, where as Atr phosphorylates Chkl (Guo et al., 
2000; Zhou et al., 2000). Drosophila homologue of Chkl and Chk2 kinases have 
been reported as the products of the grapes (Grp) and maternal nuclear kinase 
genes (Oishi et al., 1998). Active Chk2 and Chkl, subsequentiy phosphorylate 
p53 (Shieh et al., 2000). Phosphorylation prevents MDM2-binding, a protein that 
normally targets p53 for Ubiquitin-dependent degradation (Unger et al., 1999). 
Drosophila does not have MDM2 homologue, suggesting that another mechanism 
may act to limit thep53 activiy (Sekelsky, 2000a). Atr and Atm can also direcdy 
phosphorylate p53 (Canman et al., 1998). Phosphorylation of p53 leads to the 
induction of p21, which inhibits the Cdk2-cyclin E-PCNA complex, resulting in 
G l / S blockage. Atr activated Chkl can also phosphorylate Cdc25a. This leads to 
ubiquitination and degradation of Cdc25a (Mailand et al., 2000), which is 
thereafter not able anymore to activate the Cdk2-cyclin E complex by 
dephosphorylation of Cdk2, resulting in p53 independent G l / S arrest. Atr also 
phosphorylates Cdc25c, which induces binding of Cdc25c to 14-3-3a protein 
(Peng et al., 1997). The Drosophila homologue of Cdc25 and Cdkl were identified 
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as String and Twine (Su et al., 2006). Within this complex, Cdc25c is unable to 
dephosphorylate/ activate Cdkl-cyclinB, which finally leads to G 2 / M arrest 
(Dalai etal., 1999). 
Besides regulation of cell cycle checkpoints, Atm/Atr have been shown to 
regulate DNA repair by activating different DNA repair proteins and is crucial in 
provoking signals leading to apoptosis (Wang, 2000), 
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Figure 18. Atm/Atr in DNA repair, cell cycle control and apoptosis. Upon 
recognition of DNA damage and activation of their kinase activity, Atm and/or 
Atr phosphorvlate Chkl and Chk2, which in turn phosphorylate p53 and Cdc25, 
thus provoking cell cycle arrest. In addition Atm and/or Atr phosphorylates 
several other proteins (e.g. Bracal) and thereby stimulates DNA repair or, at the 
higher damage state, induction of apoptosis (via p53). 
2,3.2.6. D N A damage-induced apoptosis and Dnase2 induced D N A 
degradation 
Following the induction of DNA damage, a prominent mechanism of cell 
inactivation is apoptosis (Fritz and Kaina, 2006). Recendy, different DNA lesions 
that trigger apoptosis have been identified (Su et al., 2006). Apoptosis, induced bv 
many chemical genotoxins, is the consequence of blockage of DNA replication, 
which leads to blockage of replication forks and DSB formation (Roos and 
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Kaina, 2006). These DSBs are thought to be crucial downstream apoptosis 
triggering lesions (Kaina, 2003). DSBs are detected by Atm and Atr proteins, 
which signal downstream to Chkl, Chk2 and p53. p53 activates the transcription 
of pro-apoptotic factors such as Smac/Diablo (orthologues of Drosophila Hid, 
Reaper and Grim) (Su et al., 2006). Subsequendy, these pro-apoptotic proteins 
activate caspases leading to apoptosis. DNA damage-triggered signaling and 
execution of apoptosis is cell-type- and genotoxin-specific depending on the p53 
status, death-receptor responsiveness and most importandy, DNA repair capacity. 
Apoptotic cell death is accompanied by fragmentation of chromosomal DNA by 
CAD (caspase activated Dnase), subsequendy, Dnase2 degrades fragmented 
DNA into nucleotides (Mukae et al., 2002). Extensive biochemical analysis 
demonstrated that Dnase2 enzyme is an endonuclease that hydrolyzes the 
phosphodiester backbone of DNA molecules by a single strand cleavage 
mechanism (Lyon et al., 2000). 
^^° ^ > ^ ^ A Dnase2_^; 
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Figure 19. DNA degradation during apoptosis. CAD of mammals and Drosophila 
(dCAD) generates the nucleosomal laddering commonly observed during 
apoptosis. Dnase2 finally degrades the fragmented DNA into nucleotides. 
2.4. Industrial wastes 
Growth of population, increasing urbanization, rising standards of living 
due to technological innovations have contributed to a increase both in the 
quantity and variety of solid wastes generated by industrial, mining, municipal and 
agriculmral activities. Globally the estimated quantity of wastes generation was 
approximately 12 billion tonnes in the year 2002 of which 11 billion tonnes were 
industrial wastes (Pappu et al., 2007). About 19 billion tonnes of soHd wastes are 
expected to be generated annually by the year 2025 (Yoshizawa et al., 2004). 
Annually, Asian countries alone generate ~4.4 billion tonnes of solid 
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wastes of which only municipal solid wastes comprise 790 million tonnes 
(Yoshizawa et al., 2004). The term industrial waste refers to all wastes produced 
by industrial operation or derived from manufacturing processes. Industrial waste 
encompasses food wastes, special wastes and hazardous wastes (Tchobanoglous 
etal., 1994). 
Table 1. Inventory of contaminated terrestrial sites in several industrialized 
countries and India. 
Country 
USA 
Canada 
Germany 
Demark 
Switzerland 
Austria 
Finland 
Italy 
Belgium 
Sweden 
Spain 
Norway 
Lithuania 
Romania 
India 
Total area 
(Km^) 
9,656,345 
9,976,140 
356,910 
43,090 
41,290 
83,850 
338,130 
301,270 
30,518 
449,960 
504,780 
323,900 
65,300 
238,381 
3,287,590 
Population 
(millions) 
288.4 
31.6 
82.8 
5.3 
7.3 
8.1 
5.2 
57.6 
10.2 
8.9 
40.0 
4.5 
3.6 
22.4 
1129.87 
Number of contaminated 
sites 
45,516 
15,000-40,000 
202,880 
37,000 
35,000 
28,000 
10,396 
8,873 
7,728 
7,000 
4,902 
2,121 
4,430 
1,634 
13, Oil 
Adapted from White and Claxton, 2004; www.cia.gov/library/publications/the-
world-factbook/print/in.html and http://envis.neeri.res.in/management.php). 
2.4.1. Hazardous wastes 
Hazardous waste is a waste with properties makes it dangerous or 
potentially harmful to human health or the environment. The universe of 
hazardous wastes is large and diverse. Hazardous wastes can be liquids, solids, 
contained gases or sludges. They can be the by-products of manufacturing 
processes or simply discarded commercial products, Hke cleaning fluids or 
pesticides (http://www.epa.gov/epaoswer/osw/ hazwaste.htm) 
2.4.1.1. Characteristic of hazardous waste 
Waste that exhibits one of the four characteristics are considered as hazardous 
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Ignitability - Ignitable wastes can create fires under certain conditions and are 
spontaneously combustible. Examples include waste oils and used solvents. 
Corrosivity — Corrosive wastes are acids or bases (pH less than or equal to 2, or 
greater than or equal to 12.5) that are capable of corroding metal containers, such 
as storage tanks, drums, and barrels. Battery acid is an example. 
Reactivity — Reactive wastes are unstable under "normal" conditions. They can 
cause explosions, toxic fumes, gases, or vapors when heated, compressed, or 
mixed with water. Examples include lithium-sulfur batteries and explosives. 
Toxicity — Toxic wastes are harmful or fatal when ingested or absorbed (e.g., 
containing mercury, lead, etc.). When toxic wastes are land disposed, 
contaminated liquid may leach from the waste and pollute water. Toxicity is 
defined through a laboratory procedure called the Toxicity Characteristic 
Leaching Procedure (TCLP) (Method 1311). 
2.4.2. Present hazardous waste generation scenario in India 
In India, more than -960 million tonnes of solid waste is being generated 
annually as a by products during industrial, mining, municipal, agricultural and 
other processes (Pappu et al., 2007). Of this, ~290 million tones are inorganic 
waste of industrial and mining sectors (Ramachandra and Saira, 2004). It has been 
assumed that hazardous waste generated in the country per year is estimated to be 
around 4.4 million tonnes (MOEF, 2003; Asokan, 2004) while as per the 
estimates of Organization for Economic Cooperation and Development (OECD) 
derived from correlating hazardous waste generation and economic activities, 
nearly five million tonnes of hazardous wastes are being produced in the countr\' 
annually (Chakrabarti et al., 2006). This estimate of around 4.4 million tonnes is 
based on the 18 categories of wastes which appeared in the Hazardous Waste 
(Management & Handling) Rules (HWM) first published in 1989. In another 
study (TERI, 2003), it has been assumed that about 7.2 million tonnes of 
hazardous wastes are generated annually in India, out of which 5.2 million tonnes 
are improperly disposed of in landfills. Twelve States of the country 
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(Maharashtra, Gujarat, Tamil Nadu, Orissa, Madhya Pradesh, Assam, Uttar 
Pradesh, West Bengal, Kerala, Andhra Pradesh, Karnataka and Rajasthan) 
account for 97% of total hazardous waste generation (Chakrabarti et al., 2006). In 
addition, billion tonnes of industrial effluents are discharged daily into rivers, 
streams, harbors and municipal sewage systems. However, it is envisaged that the 
total solid wastes from municipal, agricultural, non-hazardous and hazardous 
wastes generated in India seem to be even higher than the reported data. The 
amount of hazardous waste generated in India is quite less in comparison to that 
of the USA (Table 2). However, considering the fragile ecosystem that India has 
(CSE, 1999), even this low quantum of hazardous wastes can cause considerable 
damage. India's fragile ecosystem could be seen from the following: 
• Air pollution in Indian cities is on the higher side. 
• Over seventy percent of the country's surface water sources are polluted 
and, in large stretches of major rivers, water is not even fit for bathing. 
• India has among the lowest per capita availability of forests in the world, 
which is 0.11 ha as compared to 0.50 ha in Thailand and 0.8 ha in China. 
Table 2, Major group of industries generating hazardous wastes 
Industries Potentially hazardous waste generated 
Leather Heavy metals, organic solvents 
Textiles Heavy metal dyes, organic chlorine compounds, solvents 
Metals Metals, fluorides, cyanides, acid and alkaline, pigments, 
and phenols. 
Paints Heavy metals, pigments, solvents, organic residues 
Medicines Organic solvents, heavy metals e.g. Hg and Zn 
Oil, gasoline and Oils, phenols and other organic compounds, heavy 
other petroleum metals, ammonia salts, acids and caustics, 
products 
Pesticides Organic chlorine compounds and organic phosphate 
compounds 
Plastic Organic compounds 
Source: Household wastes and their generation of hazardous substances (USEPA, 
1980). 
A case study regarding the inventory of hazardous waste generation in 
India has been reported by Haq et al. (1996). Large industries include those 
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in the production of gold, aluminum, fertilizer, pulp and paper, textiles and colour 
alkali as well as automobile engineering industries. Electroplating units, which are 
a major source of hazardous waste, are included with the medium industries for 
assessment. Among small-scale industries, chemicals, textiles, dyes/pigments, 
pesticides and leather tannings generate potential hazardous wastes. In India, 
hazardous wastes are managed (management and handling) in accordance with 
the act of 1989, amended in 2000 and have been further amended in 2003 
(MOEF, 2003). 
2.4.2.1. Flashlight battery wastes 
Flashlight battery manufacturing industry's (Eveready industries India ltd.) 
manufactures batteries, flash light cases, electrolytic manganese dioxide and arc 
carbons. It is also a manufacturer of photo-engravers plates/strips for printing, 
castings, hard facing and tube rods, carbon electrodes and other related products. 
One of the major causes of concern is the ingredients used in such manufacturing 
and processing requires a number of heavy metals like copper, lithium, mercuric 
oxide, silver oxide cadmium, lead, mercury and nickel and acids Hke sulfuric acid 
(http://en.wikipedia.org/wiki/EvereadyIndustries). 
2.4.2.2. Pigment plant wastes 
The organic dye and pigment industries produce dyes and pigments for a 
number of users including the automobile, textile, printing, and plastic industries. 
Pigment industries use heavy metals, organic solvents and hazardous chemical 
intermediates such as aromatic amines for colouring. 
2.4.2.3. Tannery wastes 
In India, nearly 2500 tannery units of leather industries are actively 
responsible for environmental pollution by releasing several million tonnes of 
wastes and effluents in biosphere every year. Moreover, tannery industries 
produce considerable amounts of chromium containing solid wastes and liquid 
effluents and raises many concerns on its environmental effect. Due to the fact 
that chromium is the most important tanning agent, a great deal of research has 
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been done to determine the content of chromium in tannery wastes (Sempere et 
al., 1997). The tanning treatment to produce wet blue leather yields sludge 
containing approximately 3% (w/w) of chromium (Galatik et al., 1988). However, 
chromium is not the only compound present in tannery wastes. As leather 
undergoes several different treatments, a great number of chemical compounds 
can be present in tannery wastes (Sempere et al., 1997). 
2.4.3. Landfill leachates 
Landfill leachate is generated by excess rainwater percolating through the 
waste layers. Leachate is described as water based solution of compounds from 
the waste. 
2.4.3.1. Leachates are complex chemical mixtures 
Generally, leachate contains four types of pollutants (Christensen et al., 1994). 
Dissolved organic matter: expressed as chemical oxygen demand (COD) 
including CH4, volatile fatty acids, fulvic-Uke and humic-like compounds. 
Inorganic macro-components: Ca, Mg, Na, K, NH4^, CI, S04^ and HC03 . 
Heavy metals: Cd, Cr, Cu, Pb, Ni, Zn etc. 
Xenobiotic organic compounds (XOCs): present in relatively low 
concentrations. These compounds include among others a variety of aromatic 
hydrocarbons, phenols and chlorinated aliphatics. 
The composition of leachates varies significantly among landfills 
depending on waste composition, waste age and landfill technology. Leachate 
sampling methods and sample handling routines may also influence the measured 
leachate quality. Several parameters are also changed dramatically as the landfill 
stabilizes (Christensen et al., 2001). During the initial acid phase, the leachate may 
show low pH values and high concentrations of many compounds, in particular 
easily degradable organic compounds. In the latter methanogenic phase, when 
CH4 production is significant in the landfill, pH increases and the low BOD5 
/COD ratio, reflecting the degradabiUty of the organic carbon, is lowered 
dramatically (Ehrig, 1988). 
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Table 3. Leachate composition in terms of average values and ranges of 
parameters with differences between acid and methanogenic phase and average 
values of parameters with no observed differences between acid and 
methanogenic phase. 
Parameters 
P " Biological oxygen 
demand (BOD) 
Chemical oxygen 
demand (COD) 
BOD5/COD ratio 
Sulphatae 
Magnesium 
Iron 
Manganese 
Ammonia 
Chloride 
Potassium 
Sodium 
Total phosphorus 
Cadmium 
Chromium 
Cobalt 
Copper 
Lead 
Nickel 
Zinc 
Acid phase 
Average 
6.1 
13000 
22000 
0.58 
500 
470 
470 
25 
-
-
-
— 
-
-
-
-
-
-
-
5 
Range 
4.5-7.5 
4000-40000 
6000-60000 
-
70-1750 
50-1150 
50-1150 
0.3-65 
-
-
-
-
-
-
-
-
-
-
-
0.1-120 
Methanogenic phase 
Average 
8 
180 
3000 
0.06 
80 
180 
180 
0.7 
-
-
-
-
-
-
-
-
-
-
-
0.6 
Range 
7.5-9 
20-550 
500-4500 
10-420 
40-350 
40-350 
0.03-45 
-
-
— 
-
-
-
-
-
— 
— 
0.03-4 
Average 
-
-
-
-
-
-
-
-
741 
2120 
1085 
1340 
6 
0.005 
0.28 
0.05 
0.065 
0.09 
0.17 
-
All values in mg/1 except pH and BOD5/COD. (Adopted from Ehrig, 1988). 
2.4.3.1.1. Dissolved organic matters 
Dissolved organic matter in leachates is a bulk parameter covering variet}^ 
of organic degradation products ranging from small volatile acids to refractor}^ 
fulvic and humic like compounds (Chian and DeWaUe, 1997). Harmsen (1983) 
analyzed both acid- and methanogenic phase leachate. In acid-phase leachate, 
more than 95% of the dissolved organic matter consisted of volatile fatty acids 
and only 1.3% of the dissolved organic matter consisted of high molecular weight 
compounds. Also, volatile amines and alcohols were detected. In the 
methanogenic-phase leachate, however no volatile acids, amines or alcohols were 
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detected and 32% of the dissolved organic matter consisted of high molecular 
weight compounds. 
2.4.3.1.2. Inorganic macro-components 
The concentrations of some of the inorganic macro-components in 
leachate depend, as in the case of dissolved organic matter, on the age and phase 
of the landfill (Christensen et al., 2001). 
2.4.3.1.3. Heavy metals 
Table 2 shows the concentration of heavy metals in the average 
methanogenic-phase leachates from 20 German land fills (Ehrig, 1988). In 
general, the concentration of heavy metals in different leachates shows major 
variations. Christensen et al. (2001) opined that the average metal concentrations 
in the landfill leachates are fairly low. Conversely, limited studies from India 
showed that landfill leachates and effluents contain very high concentrations of 
heavy metals (Mukhopadhyay et al., 2003b; Chandra et al, 2005, 2006). In India, 
the components that cause many industrial wastes to be hazardous, especially 
inorganic industrial wastes are heavy metals (Gandhi and Kumar, 2004; Chandra 
et al., 2005, 2006). In another study from Spain, Seco et al. (2003) showed that 
leachates contain very high concentrations of metals. The most commonly found 
heavy metals are As, Cd, Cu, Cr, Ni, Pb and Zn. 
Arsenic: Arsenic and arsenic compounds has been classified by the International 
Agency for Research on Cancer (lARC) as category 1 human carcinogen (lARC, 
1980). 
Cadmium: Cd is an abundant, non essential element that is continuously 
accumulated in the environment as a result of industrial activities. The I ARC has 
accepted Cd as a category 1 carcinogen from the evidence of its human 
carcinogenicity and sufficient experimental data (LARC, 1993). 
Copper: Cu is widely distributed in nature and is an essential element. A total of 
about 80mg of Cu is contained in a human body but at higher concentrations its 
toxic effects could be manifested in various Cu-overload related diseases (Galaris 
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and Evangelou, 2002). Overloaded Cu produces free radicals, and when present 
in an unbound condition, it produces reactive oxygen species that cause DNA, 
protein and lipid damage. 
Chromium: Cr is a well known carcinogen (Klein, 1996). Normal Cr 
concentration in serum is l-5ng/ml and it is suggested to be essential in human 
diet (Galaris and Evangelou, 2002). However, when redox active, it can react with 
H2O2 and other organic hydroperoxides to form reactive free radicals. Due to its 
ability to change valencies from +2 to +6, Cr has complex redox chemistr}^ and 
can participate in a multitude of cellular interactions. Because of its complex 
chemistry, the biological effects of Cr are variable and depend both on cell t}^e 
studied (Galaris and Evangelou, 2002). Epidemiological studies in the chromate 
industry revealed a link between exposure to Cr[VI] or its compounds and an 
increased risk of cancer (lARC, 1990a) 
Lead: The lARC considers inorganic lead compounds as possible human 
carcinogens (Category 2B) based on the results of rodent studies and human 
epidemiology data (lARC, 1987). Pb causes chromosome aberration in humans 
and inhibits the repair of damaged DNA (Hartwig and Schwerdtle, 2002). 
Nickel: Ni is widely used in numerous metal products, including jewelry, nickel 
refinery. Ni (II) is considered as a potent carcinogen and is genotoxic, acting 
synergistically with other DNA-damaging agents (lARC, 1990b). 
2.4.3.1.4. Xenobiotic organic compounds (XOCs) 
The most frequentiy found XOCs are aromatic hydrocarbons and 
halogenated hydrocarbons (Christensen et al., 2001). Other major groups of 
newly identified compounds are phenoxy alkanoic acid and MCPP (Mecoprop) 
(Kjeldsen, 1993; Christensen et al., 2001). 
2.4,4. Interaction of chemicals in chemical mixtures 
Following terms have been used to describe interaction between chemicals 
in the toxicological evaluation and risk assessment of chemical mixtures. 
2.4.4.1. N o interaction 
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According to Placket and Hewlet (1952), there are two types of combined 
actions without interaction: simple similar action (dose addition) and simple 
dissimilar action. Simple similar action is a non-interactive process in which the 
chemicals in the mixture do not affect the toxicity of one another. All the 
chemicals of concern in the mixture act on the same biological site, by the same 
mechanism of action, and differ only in their potencies. Simple dissimilar action is 
also a non-interactive process where the toxic effect of each chemical in the 
mixture is not affected by the other chemicals present. However, the modes of 
action of the constituents in the mixture will always differ and possibly, but not 
necessarily, the nature and site of action also differs among the constituents. 
2.4.4.2, Interactions 
Chemicals in the mixtures may interact with each other and modify the 
magnitude of toxicity. Interaction may take place in the toxicokinetics phase 
and/or toxicodynamics phase. The interaction may result in either a weaker 
(antagonistic) or stronger (potentiated, synergistic) combined effect than would 
be expected from knowledge about the toxicity and mode of action of each 
individual compound (Klassen, 1995; Seed et al., 1995). 
Antagonism: An antagonistic effect occurs when the combined effect of two 
chemicals is smaller than the sum of each chemical given alone. 
Synergism: A synergistic effect occurs when the combined effect of two 
chemicals is greater than the sum of the effects of each chemical given alone. 
Potentiation: Potentiation, being a form of synergism, occurs when the toxicit}' 
of a chemical on a certain tissue or organ system is enhanced when given together 
with another chemical that does not have toxic effects on the same tissue or 
organ system. 
2.4.5. Chemical analysis vs. bio-assays 
Generally toxic chemicals present in the leachates have been analysed using 
gas chromatography-massspectroscopy (GC-MS) and liquid chromatography-
mass spectroscopy (LC-MS). Yasuhara et al. (1997, 1999) found more than 190 
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organic compounds in leachates, and reported that identified chemicals were 
estimated to be only 1.0% of the total materials calculated from the total organic 
carbon (TOC) value in leachates. In this context, hazard assessment of landfill 
leachates by chemical analysis only is difficult because a number of chemicals may 
escape the analytical windows. In addition, chemical analyses do not inform either 
on the available fraction for living organisms or on the potential joint effects of 
the different contaminants. Contrary to the chemical analysis, bioassays per se do 
not require any prior information about the chemical composition of the test 
leachate and therefore can be used effectively to assess the toxicity. Thus, 
leachates from industrial solid wastes are being tested in whole effluent toxicity 
test, which integrate interaction among complex mixtures of contaminants. 
Thereby, the total toxic effect, regardless of physical or chemical composition of 
leachates is assessed. Bioassay is a powerful integrative measure of the toxicity of 
chemicals not being achieved by analytical chemical measurements (Houk, 1992; 
Fent, 2004). Usually, such direct adverse effects on survival, growth or 
reproduction are determined using bacteria, algae or periphyton, water flea and 
fish (Fent, 2003). As an alternative to these tests, in vitro cytotoxicity assays have 
been applied by different workers (Babich and Borenfreud, 1991; Fent and Hunn, 
1996). However, in vitro systems focus only on certain toxicological aspects, a 
toxicological hazard and risk assessment of contaminated sites could be based on 
relatively simple in vivo assays that may be used for extrapolation to higher 
animals. 
2.4.6. Adverse effects of leachates 
When improperly handled and disposed, industrial wastes imperil both 
terrestrial and aquatic ecosystems. They are important sources of pollution and 
may result in different toxicological effect. Exposure to toxic chemicals escaping 
from the wastes into the environment lead to major contamination of air, water, 
soil and finally influence the human health and their living conditions. Human 
exposure (occupational and non-occupational) to industrial wastes have led to a 
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health effects ranging from headaches, lung and skin irritations, nausea to serious 
impairments of Hver and neurological function (Buffler et al., 1985; Grisham, 
1986). The degree of hazard posed by wastes dependent on several factors 
(Mishra and Pandey, 2005), such as 
• Physical form, composition, reactivity and quantities 
• Bio-availability 
• Mobility (i.e. transport in various environmental media, leaching potential) 
• Persistence (including fate in environment, detoxification potential, 
secondary transformation) 
• Indirect health effects that may result from pathogens, vectors etc. 
• Local conditions (e.g. temperature, soil types, humidity, light etc^ 
The group at risk from the unplanned disposal of solid waste include — the 
population in areas where there is no proper waste disposal method, especially 
the pre-school children; waste workers; and workers in facilities producing toxic 
and infectious material (http://edugreen.teri.res.in/EXPLORE/solwaste/ health, 
htm). Other high-risk groups include population living close to a waste dump and 
those, whose water supply has become contaminated either due to waste 
dumping or leakage from landfill sites (Gandhi and Kumar, 2004). Recentiy, 
Deguchi et al. (2007) opined that leachates from landfill sites are one of the main 
sources of water pollution. A number of studies were carried out in various parts 
of the world to establish a connection between health and hazardous waste 
(Vrijheid, 2000). 
2.4.6.1. Cytotoxicity 
Recentiy, it has been shown that complex chemical mixtures i.e. leachates 
induce oxidative stress in plants and aquatic organisms (AU et al., 2004; Radetski 
et al., 2004). However, limited information is available on the cytotoxic effect of 
leachates on terrestrial organisms. 
72 
^^ •^p^ REVIEW OF LITERATURE 
Leachate 
Dissohed 
organic 
matter 
Inorganic 
macro 
components 
Heaw metals 
[ » m ^ ^ ^ ^ ^ | • Lethality 
^^S. J 
/ 
Membrane 1 
toxicity 1 
• Grow th reduction 
Reduced fertility 
and reproduction 
Disturbance 
in cell 
homeostasis 
Enzyme 
inhibition 
XOCs 
Bi()a\ai Concciitraiion at 
Target site 
Carcinogenicity 
Figure 20: Possible adverse effects of solid waste leachates. Toxicological effects 
are dependent on the bioavailability fraction of pollutants and concentrations at 
the target sites induce molecular effects that propagate to a variety' of toxic 
manifestations in the exposed organisms. (Modified from Grisham, 1986; Fent, 
2004). 
2.4-6.2. Reproductive toxicity of leachates 
Landfill leachates have been shown to cause disturbance on reproduction 
of fish by different workers (Noakson, 2003; Dave and NUson, 2005). It is 
reported that landfill leachate induced sperm with abnormal morphology, 
implying that there are substances in the tested leachates capable of inducing 
toxic effects in mice (Bakare et al., 2005). In fact, an increase of low birth weight, 
congenital malformations and reproductive abnormalities have been reported in 
human population living near the waste sites (Goldman et al., 1985; Berry and 
Bove, 1997; Vrijheid, 2000). Reproductive disorders, resulting from endocrine 
disruption, have been found in female perch {Vena fluviatilis) and roach from the 
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leachate contaminated lake in Sweden (Noakson et al., 2001). Recently, it has 
been reported that female perch exposed to leachates have symptoms like low 
sexual maturity, lower gonado somatic index, low levels of circulating 
testosterone and 17P-estradiol (Noakson et al., 2004). 
2.4.6.3. Genotoxicity of leachates 
Many studies on genotoxicity of industrial waste, sludge/effluents and soil 
in short-term bioassays and gene mutations in Salmonella strains have already been 
reviewed (Houk, 1992; White and Claxton, 2004). Increased incidences of 
gastrointestinal cancers (Najem et al., 1985; Griffith et al., 1989) and bladder 
cancer (Budnick et al., 1984; Griffith et al., 1989) have been found in population 
near hazardous waste dumpsites. Federal rodents collected near hazardous waste 
disposal sites had elevated frequencies of bone marrow micronuclei (Tice et al., 
1987) and chromosome aberrations (CAs) (Thompson et al., 1988; Fender and 
Wolf, 1998). Drinking water contaminated by various waste sources also induces 
mutation in Salmonella reversion assay (Park et al., 2000) and micronuclei in mouse 
bone marrow cells (Li et al., 2004). Moreover, a study employing the Comet assay 
found significant increase in DNA damage in humans consuming ground water 
contaminated with heavy metals from an industrial area in the state of Punjab, 
India (Gandhi and Kumar, 2004). 
2.4.6.4. Other effects 
Elliott et al. (1993) showed that human populations exposed to solid 
wastes had been suffering from psychosocial effects like distress, dysfunction and 
disability, manifested in a range of behavioral outcomes. In another study, 
Kudyakov et al. (2004) showed that an elevated chronic bronchitis and chronic 
airway obstruction in the population living near contaminated sites. They 
conclude that the increased risk of chronic respiratory disease probably secondar}' 
to suppression of the immune systems. In an epidemiological study, an increased 
rate of diabetes was observed in the population residing nears the hazardous 
wastes (Kouznetsova et al., 2006). 
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3.1. Experimental Model 
Fruit fly Drosophila belongs to Kingdom- Animalia, Phylum- Arthropoda, 
Class- Insecta, Order- Diptera, Family- Drosophilidae, Genus- Drosophila, 
Subgenus- Sophophora, Species- melanogaster. 
3.1.1. Drosophila melanogaster strains 
The following strains were used in the present study: 
i. OregonR*: (wild type); Proficient in all DNA repair mechanisms. 
ii. B/: {hsp70-IacZ)B/: Transgenic for bsp70 that expresses bacterial p-
galactosidase as a response to stress (Lis et al., 1983). In this strain, llOObp of 
upstream sequences of hsp70 tagged with the coding sequence of P-
galactosidase (reporter gene) has been integrated in the genome through germ 
line transformation. The transgene is mapped at 9E of first chromosome. 
\\\.dnase2: {dnasel"^ktif'^jf)\ Deficient in protein for degrading fragmented DNA; 
an ortholog to mammalian Dnase2 protein. The gene is located at the 90D6 
locus of the chromosome. The mutant of dnasel was first created by Mukae 
et al. (2002). 
\y.ligaselV: {wJigaselV^^'^^; Deficient in recombinational repair protein for non-
homologous double strand breaks; an ortholog to mammalian LigaselV 
protein. The cytological map location is 12B2. The mutant of ligaselV ^ 2.% first 
created by Goriski et al. (2003). 
V. meiil: (Jmei41^IC(1 jVXyJfy. Deficient in cell cycle check point protein (a 
protein kinase); an ortholog to mammalian Ataxia Telangiectasia Related 
(ATR) protein. Mutation in met41 was first identified on the basis of meiotic 
recombination (Baker and Carpenter, 1972) and subsequently by their 
mutagen hypersensitivity (Boyd et al., 1976). The cytological map location is 
14C4-6. 
\\.mus201: {pjuslOf^^); Deficient in nucleotide excision repair (NER) protein; an 
ortholog of mammalian Xeroderma Pigmentosum G (XPG) protein. The 
cytological map location is 29C4-5. The gene was first identified by Boyd et al. 
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(1982). 
vii. mus308: (mus308^^\ Deficient in putative DNA polymerase and helicase. 
The gene product is required for inter-strand cross link and post replication 
repair mechanism; an ortholog to mammalian DNA polymerase 0. mus308 was 
identified by Boyd et al. (1981) in a large scale mutagen sensitive mutations on 
the third chromosome. Cytological map location is 87C6. 
viii. rad54: {rad54"^'^^'^°cn bw); Deficient in recombinational repair protein for 
double strand homologous breaks. A functional homolog to mammalian 
Rad54. The gene maps to the left arm of chromosome 2 at 23D-E. The gene 
was first cloned by Kooistra et al. (1997). 
A more detailed account of the mutant strains was described in "The 
Genome of Drosophila melanogaster'^ by Lindsley and Zimm (1992). All these 
mutant strains were generated from D. melanogaster OregonR^. While all the 
experiments were performed with B£ strain, genotoxicity experiments were 
carried out in OregonR"^ and mutant strains. 
3.1.2. Rearing of flies 
The wild and mutant flies and their larvae were reared at 23 ± l"C on 
standard Drosophila food. One unit of Drosophila food contained 1.5g agar-agar, 
17.0g maize powder, 15.0g sugar, 6.0g yeast, l.Og nepagin (methyl-p-hydroxy 
benzoate salt), 1.0ml propionic acid and 360.0 ml water. Additional yeast 
suspensions were provided for the healthy growth. 
3.2. Soil and solid waste collection 
Industrial solid wastes collection by randomized sampling technique is 
important in the assessment of their toxicity/genotoxicity because the 
composition and physiochemical state varies from one coUecdon point to another 
(Houk, 1992). Wastes generated by a flashlight battery factor}^ (Group F), a 
pigment plant (Group P) and a tannery (Group T) were collected from waste 
disposal dumps in the vicinity of Lucknow, over a two week period in early 
March, early July and in mid December. Control soil (Group S) samples (non-
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agricultural and non-industrial, supposed to be non-contaminated) were collected 
from a site in the vicinity of the institute, simultaneously. At least five randomly 
collected samples from each site were pooled to make a single representative 
sample for each group. 
3.2.1. Leachate preparation 
Soil and solid waste samples were air dried and crushed to reduce particle 
size. Toxicit)' Characteristics Leachate Procedure (TCLP) [Method-1310; USEPA, 
1990] was adopted for preparing 10% leachates from soil and the industrial solid 
wastes at three different pH viz, 7.00 (in MilliQ water, neutral), 4.93 (5.7ml glacial 
acidic acid + 64.3ml IN NaOH + 930ml MilliQ water; low acidic) and 2.88 
(5.7ml glacial acetic acid + 994.3ml MilliQ water; highly acidic). The leachates 
(prepared at three different pHs) were referred to as N, M and H, respectively. 
3.2.2. Physico-chemical parameters 
The leachates were analysed for a number of standard physical and 
chemical properties including pH, total dissolved solids (TDS), chemical oxygen 
demand (COD), biological oxygen demand (BOD), dissolved oxj'gen (DO), 
chloride and nitrate according to methods described by the American Public 
Health Association (APHA, 1998). 
TDS were determined using Water analysis Kit-Century Ck 711 and pH 
was determined by glass electrode method with a standard calibrated pH. Nitrate 
estimation was done by phenol-disulphonic acid method. Dissolved oxygen was 
estimated by Azide modification of Winkler's method, wjj4le^ £<Q)R- b^dichromate 
reflux method. :' / / rO vC/ w 
3.2.3. Metal analysis , \c- ^ - • 
V 
n 
3.2.2.1. Soil and solid wastes \ - ^ , ^^ // 
Eighteen metals were analyzed in the soil and solidji^dstes^^e^rding to the 
method of the U.S. Environmental Protection Agency [Method-3050B, 1996]. 
For the present study, Ig of dry sample was digested with repeated addition of 
concentrated nitric acid (HNO3) and hydrogen peroxide (H2O2) to the digestion 
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vessel. Ten milliliter of concentrated hydrochloric acid (HCl) was added and the 
sample was heated and refluxed at 95"C ± 5"C for 15min. The digested material 
was filtered through Whatman No. 41 filter paper, collected in a volumetric flask 
and diluted to 100ml with water. The concentrations of metals were estimated 
using an inductively coupled plasma atomic emission spectrophotometer (ICP; 
Model IRIS Intrepid II XDL DUO; Thermo Electron Corp., Madison, WI, 
USA). 
3.2.2.2. Leachates 
We followed the method of Cleseeri et al. (1998) for analyzing metals in 
the leachates of soil and those of industrial wastes. For metal analysis, 100ml of 
each leachate was reduced to 5ml after digestion with concentrated HNO,. This 
5ml was added to a volumetric flask and diluted to 20ml with O.IN HNO,. Metal 
concentrations were estimated by ICP. 
3.3, Chemicals used 
Three industrial (viz. flashlight battery, pigment and tannery) solid waste 
leachates prepared at three different pHs were selected. Five different 
concentrations of leachates (0.05, 0.1, 0.5, 1.0 and 2.0%) were used in the study. 
Solid wastes generated by some industries are hazardous because they 
contain heavy metals (Seco et al., 2003). In this context, the effect of a number of 
individual metals detected in this complex chemical mixture was examined on the 
organism. Three concentrations of Cr, Cu, Ni, Pb and Zn corresponding to 0.1, 
0.5 and 2.0% of highly acidic leachates (FH, PH and TH) (1.3, 6.7 and 26.8 ppm 
of Cr; 3.4, 18.3 and 73.0ppm of Cu; 0.1, 0.6 and 2.4 ppm of Ni; 0.05, 0.2 and 0.9 
ppm of Pb and 0.04, 0.2 and 0.8 ppm of Zn, respectively), used during the study 
were prepared from their corresponding salts of analytical grades (KjCrjO-,, 
CUSO4, NiClj, PbCl2 and ZnClj, respectively; Sisco Research Laboratory Pvt. 
Ltd., Mumbai, India). 
3.3.1. Other chemicals 
3.3.1.1. Alkylating agents: ethyl methanesulfonate (EMS), methyl 
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methanesulfonate (MMS), N-ethyl-N-nitrosourea (ENU) and cyclophosphamide 
(CP) (Sigma Chemicals, St. Louise, MO, USA) which have been identified as 
carcinogens by the International Agency for Research on Cancer (lARC, 1974a, 
b, 1978 and 1987) and also listed as mutagens (Tsuda et al., 2000) were used for 
the validation of Drosophila as an alternate model for examining somatic cell 
genotoxicity by alkaline Single Cell Gel Electrophoresis (SCGE) or Comet assay. 
Three different concentrations (0.05, 0.5 and l.OmM in PBS) of these mutagens 
were used. 
3.3.1.2. Copper sulphate (CUSO4): reported as generator of ROS (Guecheva et 
al., 2003) and inducer of apoptosis, (Feng et al., 2003), was used with a final 
concentration S.OmM in the food as positive control for inducing oxidative stress 
and apoptotic cell death in Drosophila. 
3,4. Treatment schedule 
3.4.1. Cellular toxicity studies 
Larvae of B£ were grown (2-48h) on standard Drosophila diet containing 
different concentration of leachates and metals. Four control groups were 
included in the study viz. negative, positive, vehicular control (VC) and soil 
control. The leachates from control soil were used to demonstrate the magnitude 
of the difference between the least toxicity of industrial leachates and 
uncontaminated soil. The negative control group received standard Drosophila 
diet while larvae given temperature-shock were used as positive control for 
induction of hsp70. VC groups received 2.0%. solvent mixed food and soil control 
groups (SN, SM and SH) received diet containing 2.0% leachates. 
3.4.2. Genotoxicity studies 
3.4.2.1. For validation study, 10 larvae of OregonR* (74 ± 2h), in each group 
were kept at 23 + l"C, and fed different concentrations of EMS, MMS, ENU and 
CP (0.05-1.OmM) mixed with food for 24h. 
3.4.2.2. For genotoxicity study of leachates, larvae of OregonR^ (24h and 50h) 
were grown to 98h on standard Drosophila diet containing 0.05-2.0% leachates 
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prepared from the three industrial solid wastes at different pH. Four control 
groups were included in the study were essentially the same as mentioned in 
section 3.4.1. except the positive control group received l.OmM EMS mixed 
food. Respective positive and negative controls were included each time when 
test samples were analyzed. 
3.4.2.3. The genotoxicity study revealed that the maximum genotoxic responses 
with industrial solid waste leachates were detected with leachates prepared with a 
highly acidic solvent (pH 2.88) as compared to those prepared with mildly acidic 
(pH 4.93) or neutral solvent (pH 7.0). Hence, only leachates prepared with highly 
acidic solvent were chosen for DNA repair study. Three concentrations viz. 0.1, 
0.5 and 2.0% were used in this study. Treatment schedules were same as 
described in section 3.4.2.2. 
3.4.3. Temperature-shock treatment (positive control for Asp7(0 induction) 
Healthy third instar larvae (100 ± 2h) and newly eclosed flies of Bg' were 
kept in moist chamber (petridish/vial) and heat shock was given at 37 ± l"C for 
Ih (for larvae) (Kar Chowdhuri et al., 1999) or 45min (for adults) (Lakhotia and 
Singh, 1989), followed by 30min recovery at 24 ± l"C; subsequently, different 
assays were performed as described below in sections 3.5.1.1., 3.5.1.2., 3.5.1.3., 
3.5.1.4., 3.5.2.3.2. and 3.5.2.3.4. 
3.5. Experimental procedures 
3.5.1, Cellular toxicity studies 
3.5.1.1. Asp7(0 promoter induction experiments 
Larvae of B£ following feeding on diet mixed with different concentrations 
of leachates and metals for 2-48h, were washed thoroughly with Poels' salt 
solution (PSS; 15mM NaCl, 6.4mM NaH2P04, 42mM KCl, 1.8mM KHCO,, 
7.9mM CaCl2, 20.8mM MgSO^; pH 6.9-7.0) (Lakhotia and Mukherjee, 1980) and 
then processed for hsp70 expression studies as described below. 
3.5.1.1.1. Soluble O-Nitrophenyl-P-D-galactopyranoside (ONPG) assay 
(Quantitative) 
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A modified version of the assay previously described by Stringham and 
Candido (1994) was followed for ONPG assay (Nazir et al., 2001). Briefly, after 
washing with phosphate buffer (pH 8.0), 20 larvae per tube (5 
replicates/concentration/time point) were placed in a micro-centrifuge tube, 
permeabilized in acetone for lOmin and incubated overnight at 37"C in 600|a,l 
ONPG staining buffer (0.06M Na2HP04, 0.04M NaH2P04, 0.01 M KCl, 0.001 M 
MgS04, 0.05M p-mercaptoethanol and 842|jig/ml ONPG; Sisco Research 
Laboratory Pvt. Ltd., Mumbai, India). After incubation, the reaction was stopped 
by adding 300)j,l IM NajCOj. The extent of reaction was quantified by measuring 
the absorbance at 420nm on GBCUV spectrophotometer (GBC Scientific 
Equipment, Melbourne, Australia). 
3.5.1.1.2. In situ histochemical P-galactosidase activity (Qualitative) 
For qualitative assay, we followed the method of O'Kane and Gehring 
(1987) with some modifications (Kar Chowdhuri et al., 1999). 50-55 larval tissues 
were explanted in PSS and fixed in 2.5% glutaraldehyde (Sigma Chemicals, St. 
Louise, MO, USA) for lOmin. Tissues were then washed with wash buffer (50 
mM sodium phosphate buffer, pH 8.0), stained overnight in chromogenic 
substrate X-gal (5-bromo-4-chloro-3-indolyl-P-D-galactoside, Bangalore Genei, 
Bangalore, India) staining buffer [0.3% X-gal (from 5.0% stock prepared in 
Dimetyl formamide), 2mM K4Fe(CN)6, 2mM K3Fe(CN)6 and 50mM sodium 
phosphate buffer pH 8.0 in milliQ water] at 37 + l"C in a moist chamber at dark. 
The larval tissues were then washed thrice in wash buffer and transferred to a 
clean glass slide over a drop of 50% glycerol and spread as desired. They were 
then carefully mounted with a clean cover glass and the edges were sealed with 
Dextrene Polyester Xylene (DPX) mountant. Slides were scored for staining 
intensity using binocular, stereo zoom microscope MZ-75 (Leica, Germany) and 
photographed. 
3.5.1.2. RT-PCR analysis for hspVOmKNA expression in larval tissues 
3.5.1.2.1. RNA isolation 
MA TERIALS AND METHODS 
Internal tissues from third instar larvae of 5 / were explanted in PSS and 
total RNA was extracted using TRI-reagent (Invitrogen, NY, USA), chloroform, 
isopropanol and ethanol, following the manufacturer's instructions. Finally, RNA 
pellet was dissolved in Diethyl pyrocarbonate (DEPC) treated water and kept at 
room temperature for 2h to completely dissolve the pellet. RNA was quantified 
by UV spectrophotometry (ND-1000; Nanodrop Tech, DE, USA) {A^Jh,^,, 
ratios) and checked by agarose gel electrophoresis, 
3.5.1.2.2. Complementary DNA (cDNA) synthesis 
Complementary DNA (cDNA) was synthesi2ed from total RNA using 
Revert Aid^''' H-Minus first strand cDNA synthesis kit (Fermentas Life Sciences, 
USA) essentially following the manufacturer's protocol. The reaction mixture 
contained total RNA (2|ag), 0.5^g/|j,l oligo-(dT)]g primer (1)J.1), 5 X reaction buffer 
(VI), 20U Ribolock™ ribonuclease inhibitor and lOmM dNTP mixture (2^1), 
200U Revert Aid^^' H Moloney Murine Leukemia Virus reverse transcriptase (M-
MuLV RT) and DEPC water. The final volume of the reaction mixture was 20(0,1. 
The synthesized cDNA was stored at —20"C till further use. 
3.5.1.2.3. Polymerase chain reaction 
The cDNA were amplified by PCR in a thermocycler (Eppendorf, 
Germany), using specific primer pairs (Sigma Chemicals, St. Louise, MO, USA) 
for inducible form of hsp70 (Table 1). 18S rRNA was used as internal control. 
The primers were designed with pimer select module of Lasergene (DNAStar 
Inc; Madison, WI, USA) and were selected on the best possible criteria viz. 
primer length, GC%, annealing, melting temperature, 5' end stability and 3' end 
specificity. 
Each PCR reaction mixture (total 25|xl) contained IX Taq buffer (Fermetas 
Life Sciences, USA), 1.5mM MgClj, 0.20mM dNTPs mixture, 0.40)aM each of 
forward and reverse primer, lU Taq DNA polymerase, 2|JL1 C D N A and milli-Q 
water. PCR amplification was carried out as follows: IX (denaturation; 94"C, 
3min); 35X (denaturation-95"C, 30s; annealing-55"C 30s; extention-70"C Imin) 
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and IX (terminadon-70"C, 5min). The amplicons were separated in 1.5% agarose 
gel at 50V after loading equal volume (2.5|j,l) of amplified product from each 
sample. The equal volume of amplified products of 18S was run in parallel. The 
gel was visualized with a VERSA DOC Imaging System (Model 1000, Bio-Rad, 
Sandiego, CA, USA). The intensity of the bands was quantified by the Quantity 
One Software (Bio-Rad, Sandiego, CA, USA). Each gene was tested at least thrice 
with separate cDNA samples prepared from independent pools. 
Table 1: Forward and reverse primer sequences for different transcripts. 
hsp70 
Forward primer 
Reverse primer 
sod 
Forward primer 
Reverse primer 
cat 
Forward primer 
Reverse primer 
acp70A 
Forward primer 
Reverse primer 
Acp36DE 
Forward primer 
Reverse primer 
18S rRNA 
Forward primer 
Reverse primer 
5'-G AACGGGCCAAGCGCACACTCTC-3' 
5'-TCCTGGATCTT GCCGCTCTGGTCTC-3' 
5'-GGTACGCCCGTGAAG G TCTCC-3' 
5'-GGTGCGTCCGATGATGCTGTC-3' 
5'GTGCCCCC AACTACTTCCCCAACTC-3' 
5'-GCCCGCAACCAAAGATCCGAAAAG-3' 
5'-CGTTTGCGTACTCGGCTTGGTC-3' 
5'-AAGACATTTTG GTGGGTGGGTTTA-3' 
5'-GACACGGCAAGAGCAACAAAAAC-3' 
5'-GGTCGTAAGGTGGGTTGCTCAG-3' 
F 5'-CCTGCCAGTAGTTATTGCTT GTC-3' 
5'-CC GAGCTGGGAGTGGGTAAT-3' 
3.5.1.3. In 5iViy whole organ immunohistochemistry for native Hsp70 
A modified version of the method described earlier by Krebs and Feder 
(1997a) was followed. Explanted tissues of the third instar larvae of B£, after 
fixation in 2.5% glutaraldehyde (lOmin) and permeabilization in PBS with Triton 
X-100 (PBST; 0.1% Triton X-100 and 0.5% bovine serum albumin in IM PBS, 
pH 7.4) for 20min, were incubated in 7Fb rat monoclonal anti-Hsp70 for 3h at 
4''C (1:200 in 1% BSA; specific for D. me/amgasfer indncihle. Hsp70) (Velazquez 
and Lindquist, 1984). Subsequendy, the same were challenged with horseradish 
peroxidase (HRP) conjugated rabbit anti-rat secondary antibody for 2h at 4"C 
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(1:300 in IM PBS with 0.5% BSA; Bangalore Genei Pvt. Ltd, Bangalore, India) 
followed by staining with chromogenic substrate Diaminobenzidine (DAB) (9mg 
DAB, 300pLl of IM Tris pH 7.4, 15[xl of 50% H2O2 to a final volume of 15ml) for 
12h in dark as described previously by Sambrook et al. (1989). Following staining, 
the tissues were washed with lOOfiM ethylene di-amine tetra acetic acid (EDTA) 
(thrice), mounted on clean slides using 50% glycerol and covered with cover 
glass. The edges of the cover glass were sealed with DPX mountant and slides 
were scored for staining pattern. 
3.5.1.4, Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE), Western blotting and hybridization 
Protein samples were prepared from internal tissues of control and treated 
larvae of B£ strain in IX LaemmH's buffer (Laemmli, 1970) according to the 
method of Singh and Lakhotia (1995). Protein samples were then separated on 
linear SDS-PAGE (12.5%) after loading equal amounts of protein (lO.Opig/ lane) 
at 15mA for 4h. The separated proteins in the gel were transferred onto 
nitrocellulose membrane (Schleicher and Schuell, Germany) and probed with the 
specific antibody and developed according to the method of Sambrook et al. 
(1989). Membranes following blocking in 1% BSA were incubated in anti-Hsp70, 
7Fb (1:750 in blocking solution) for 3h. Immuno-detection of Hsp70 was carried 
out following incubation of the membrane with secondary antibody, rabbit anti-
rat IgG-HRP conjugate (1:1000) and DAB (diamino benzidine) as chromogenic 
substrate. Densitometric analysis was done using the gel pro/gel blot software of 
GDS 7500 (UVP, England). 
3.5.1.5. Assay of oxidative stress markers 
To evaluate the oxidative damage caused by the leachates and metals in the 
exposed larvae, ROS generation, SOD, CAT activities and LPO product were 
assayed. Enzymes and LPO product were assayed using 10% homogenate and 
ROS generation was measured in single cell suspensions. 
3.5.1.5.1. Preparation of homogenate 
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The tissues of control and treated larvae were homogenized in cold O.IM 
phosphate buffer (pH 7.4) containing 0.15M KCl to obtain 10% homogenate. 
The supernatant following centrifugation at 10,500g was used for different assays 
and also for protein estimation. 
3.5.1.5.2. Single cell preparation 
Cell suspension was prepared following the method of Howell and Taylor 
(1968) with some modifications. Midgut tissues of fifteen larvae from control and 
treated groups were incubated in collagenase (0.5mg/ml) for 15min at 24 ± 1"C. 
The cells were then passed through a 60[j.m nylon mesh. Collagenase was 
removed by washing the cell suspensions with PBS with gentle shaking. Finally, 
the cells were processed for different end point measurements as described below 
in sections 3.5.1.5.3., 3.5.1.7.1., 3.5.1.7.3. and 3.5.1.7.4. 
3.5.1.5.3. Measurement of ROS 
Intracellular ROS was measured by flow cytometry using DCF-DA dye 
(2',?'- Dichlorofluorescein diacetate; Sigma Chemicals, St. Louise, MO, USA). 
The probe DCF-DA is a lipid-permeable non-fluorescent compound that could 
be oxidized by intracellular ROS to form a lipid impermeable fluorescent 
Dichlorofluorescein (DCF). Briefly, one hour before the cells were harvested, 
DCF-DA was added direcdy to Schneider's Drosophila medium to a final 
concentration of 10|iM (Invitrogen, NY, USA) at 24"C in dark. Then the cells 
were harvested in PBS and analyzed immediately by FACScan equipped with 
488nm laser (Becton Dickinson, San Jose, CA, USA). For analysis, 15,000 events 
were recorded and expressed as Mean Fluorescence intensity. 
3.5.1.5.4. RT-PCR analysis for sod and cat mRNA expression 
Total RNA was extracted from control and treated larvae after removing 
the cuticle and cDNA was synthesized using the same protocol as described for 
hsp70 mRNA expression. The cDNA for sod and cat were PCR amplified using 
the following specific primers (Table.1). The components of PCR reaction 
mixture and optimized conditions were similar as described for hsp70 cDNA 
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amplification. Electrophoresis and visualization of gels was carried out as 
described in section 3.5.1.2.3. 
3.5.1.5.5. Superoxide dismutase (SOD) (superoxide: superoxide 
oxidoreductase EC 1.15.1.1) 
The method described previously by Nishikimi et al. (1972) was followed 
with some modificadons (Gupta et al., 2005a) for the estimadon of cytosolic Cu-
Zn SOD. The assay mixture consisted of 0.052M sodium pyrophosphate buffer 
(pH 8.3), 186[iM phenazine methosulphate, 300fiM nitroblue tetrazolium, VBOpiM 
reduced nicotinamide adenine dinucleotide (NADH) and the tissue homogenate. 
The contents of reaction mixture were shaken properly after addidon of each 
component. After addition of NADH the reaction was run for 90 seconds 
sharply at room temperature and immediately stopped by adding 1.0 ml glacial 
acetic acid. One unit of enzyme activity is defined as enzyme concentration 
required inhibiting chromogen production (optical density 560nm) by 50% in one 
minute under assay condition and expressed as specific activity in units/min/mg 
protein. 
3.5.1.5.6. Catalase (CAT) (H2O2: H2O2 oxidoreductase EC 1.11.1.6) 
CAT activity was measured by following the ability of the enzyme to split 
H2O2 within Imin of incubation time. The assay mixture consisted of 0.01 M 
phosphate buffer (pH 7.0), distilled water and tissue homogenate. The assay 
mixture was mixed with 0.2 M H2O2 and incubated at 37"C for Imin. Following 
incubation, the reaction was stopped by adding dichromate/acetic acid reagent 
(5% solution of KjCrjOy: glacial acetic acid, 1:3 by volume) and the remaining 
H2O2 was determined by measuring chromic acetate at 570nm as described 
previously by Sinha (1972). The activity was represented in terms of [imoles 
H202/min/mg protein. 
3.5.1.5.7. Assay for lipid peroxidation (LPO) 
We followed the method of Ohkawa et al. (1979) for assaying 
malondialdehyde (MDA) as a measurement of LPO using tetraethoxypropane as 
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external standard. The assay mixture consisted of 10% sodium do-decyl sulphate 
(SDS), 0.8% thiobarbituric acid (TBA) and tissue homogenate. The reaction 
mixture was kept over boiling water bath maintaining the temperature 94 ± l"C 
for Ih followed by cooling. Following addition of equal volume of n-butanol, the 
mixture was shaken vigorously, centrifuged at 4500g for lOmin and the organic 
layer was taken out and read at 532nm against n-butanol. Lipid peroxide level was 
calculated by extrapolation from a standard curve and expressed in terms of 
nmoles MDA formed/h/mg protein. 
3.5.1.5.8. Total protein estimation 
Total protein content in 10% homogenate of control and treated groups 
were measured using protein estimation kit by Lowry method (Lowry et al., 1951) 
essentially following manufacturer's protocol (Banglore Genei Pvt. Ltd., 
Bangalore, India) and bovine serum albumin (BSA) as a standard. 
3.5.1.6. Dye exclusion test 
The possible tissue damage, if any, as a result of overwhelmed Hsp70 
expression in the larvae exposed to higher concentrations of leachates was 
assayed by dye exclusion test (Krebs and Feder, 1997a). Larvae from control and 
treated groups were explanted in PSS to take out internal tissues. They were 
washed once in 50mM PBS (wash buffer), pH 7.4, immersed in trypan blue stain 
(0.2 mg/ml in 50mM PBS, pH 7.4; Hi Media Pvt. Ltd., India) and rotated for 30 
minutes at 24 + l"C to bring the internal tissues to come in contact with the dye. 
The larvae were then washed thrice in wash buffer and immediately scored for 
trypan blue positive tissues. For each treatment, 40-50 larvae were scored. 
3.5.1.7. Assay to detect apoptosis 
To investigate apoptotic potential of leachates and metals, midgut tissues 
of control and treated larvae of 5 / were dissected out for the measurement of the 
following: 
3.5.1.7.1. Mitochondrial transmembrane potential (A4^^) 
Mitochondrial transmembrane potential was determined using JCl 
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fluorescent probe (5,5', 6,6'-tetrachloro-l,r,3,3' tetraethylbenzimidazolyl 
carbocayanine iodide; Invitrogen, NY, USA). This is a sensitive cationic dye that 
exhibit potential dependent accumulation in mitochondria, indicated by 
fluorescence emission shift from green (FLl: ~525nm) to red (FL2: ~590nm). 
Consequently, mitochondrial depolarization is indicated by decrease in the 
red/green rado. Approximately, 5X10^ cells were incubated with lOflM JCl 
(prepared in Dimethyl sulfoxide) in Schneider's Drosophila medium for 30min in 
dark. Following incubadon, cells were washed with O.IM PBS (pH 7.4) twice and 
finally suspended in O.IM PBS (pH 7.4). The membrane potential was examined 
in 10,000 cells by FACScan. The data were expressed as the percent of cells with 
depolarized mitochondria. 
3.5.1.7.2. Terminal deoxynucleotidyl transferase mediated dUTP nick end 
labeling (TUNEL) assay 
TUNEL assay was performed in the midgut tissues of Drosophila using "/« 
situ cell death detection kit" essentially following the manufacturer's protocol 
(Roche Molecular Biochemicals, Mannheim, Germany). Midgut tissues of control 
and treated larvae were fixed in freshly prepared 2.5% glutaraldehyde and 
permeabilized in PBS with Triton X-100 (PBST). Tissues following washing were 
incubated in primary TUNEL mixture for Ih at 37"C. The tissues were then 
washed with PBS for 30 min at room temperature (6 changes of 5 minutes each) 
followed by an incubation in converter alkaline phosphate (AP) solution at 37"C. 
After thorough washing, the substrate solution containing nitro blue tetrazolium 
(NBT) and 5-bromo-4-chloro-3-indolyl phosphate (BCIP), specific for AP, was 
added with an incubation time of for 15 min in dark at room temperature. The 
tissues were then washed thoroughly, mounted on clean glass slides using 50% 
glycerol and covered by coverglass. The edges of the coverglass were sealed with 
DPX and the tissues were scored for TUNEL positive cells under Leitz orthoplan 
light microscope (Wetzlar, Germany), Hundred fifty cells were examined from 
each group by randomized manual counting (25 cells/gut tissue and 2 gut tissues/ 
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experiment and 3 experiments/ group/ time point). 
3.5.1.7.3. Flow cytometric determination of cellular Grim, Hid, Rpr 
(initiator of apoptosis) and Drice (an orthologue to mammalian caspase-3) 
levels 
Intracellular Grim, Hid (head involution defective) and Rpr (reaper) and 
Drice {Drosophila ICE) were measured by flow cytometry. Single cells were fixed 
in PBS containing 0.25% ^<2ra-formaldehyde (Sigma Chemicals, St. Louise, MO, 
USA) for Ih at 4''C and permeabilized in PBST (IM PBS containing 0.1% Triton 
X-100, 0.5% bovine serum albumin; pH 7.4) for lOmin at 24"C. Cells were then 
incubated in primary polyclonal antibody against anti Grim, Hid and Rpr goat 
IgG (1:50 in IM PBS, pH 7.4 containing 2% BSA) (Santa Cruz Biotech, CA, 
USA) and anti Drice rabbit IgG (1: 50 in IM PBS, pH 7.4 containing 2% BSA; 
courtesy from Prof Bruce A. Hay, Cal. Tech., California, USA) for Ih at 4"C. 
Subsequentiy, cells were stained with FITC conjugated secondar}' antibody (1:100 
in IM PBS, pH 7.4 containing 2% BSA) (rabbit anti-goat IgG for Grim, Hid and 
Rpr and goat-anti rabbit IgG for Drice; Sigma Chemicals, St. Louise, MO, USA) 
for Ih at 4''C. Cells were washed with PBS and then analyzed by FACScan. For 
each sample, 10,000 events were counted and results were expressed in terms of 
percent positive cells expressing the particular protein. 
3.5.1.7.4. Annexin V FITC staining 
Cells prepared from control and treated larvae were stained with Annexin 
V-FITC and propidium iodide (PI) (EMD Biosciences, Darmstadt, Germany), 
following essentially manufacturer's instruction. Single cell suspension (containing 
approx. 5X10^ cells) were mixed in media binding reagent and Annexin V-FITC, 
incubated for 15min at 24" C and centrifuged at 850g to remove the media. Cells 
were then re-suspended in 500^ x1 of cold IX binding buffer and stained with PI. 
AU the steps from single cell preparation onwards were performed under dimmed 
light. For each treatment group, 10,000 events were acquired in flow cytometer 
for analysis with Cell Quest software. Cells stained positively by Annexin V and 
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negatively for PI (early apoptotic) and both positively for Annexin V and PI (late 
apoptotic) were counted. Data were expressed as percentage of total cells. The 
signal of FITC and PI was detected by FLl (518nm) and FL2 (620nm), 
respectively. The log of Annexin V-FITC was displayed on the X-axis and log of 
PI fluorescence on the Y-axis of the data report. 
3.5.1.7.5. Colorimetric assays for caspase-9 (Drone; Drosophila Nedd-2 like 
caspase) and caspase-3 (Drice) activities 
For quantification of caspase activities in tissue homogenates, synthetic 
peptide substrates labeled with pNA (p-nitro anilide) were used. A modified 
version of the protocol described by the manufacturer (Bio-Vision, CA, USA) 
was followed. Briefly, 25)j,l of 10% tissue homogenate of control and treated 
larvae were mixed in 50fj,l of chilled cell lysis buffer and incubated on ice for 
lOmin. After incubation, 50|j.l of 2X reaction buffer (containing lOmM 
dithiothreitol) with 200)aM substrate p E V D - p N A for Drice, and lETD-pNA 
for Drone) was added and incubated at 37°C for 1.5h. The reaction was 
quantified at 405nm on a Cintra 20 GBCUV spectrophotometer (GBC Scientific 
Equipment, Melbourne, Australia). 
3.5.1.7.6. Electron microscopy of larval gut tissue 
Midgut tissues dissected from third instar larvae of control and treated 
groups were fixed in a solution of 2.0% glutaraldehyde and 4.0% 
paraformaldehyde in O.IM cacodylate buffer (pH 7.2), post fixed in 1.0% osmium 
tetroxide for 1.5h, dehydrated in an ascending series of ethanol and embedded in 
epon 812 and Araldite plastic mixture. After polymerization at 60"C for 48h, 
utrathin sections (50-70nm) were obtained using an Ultra Cut UCT ultra-
microtome (Leica, Wien, Austria) and picked up on 200 mesh copper grids. The 
sections were double stained with uranyl acetate and lead citrate and analyzed 
under a FEI Tecnai 12 Twin Transmission Electron Microscope equipped with a 
SIS Mega View II CCD Camera at 80kV (Eindhoven, Netherlands). 
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3,5.2. Developmental toxicity studies 
3.5.2.1. Hatchability of eggs 
A method described earlier (Marchal-Segault et al., 1985) was followed to 
examine the effect of test chemicals if any, on early development of the 
organisms by examining hatchability of eggs. The flies were allowed to lay eggs 
synchronously on normal food for 0.5h followed by transferring of the eggs (500 
per dose group) to normal, VC, SC or food mixed with different concentrations 
of industrial solid waste leachates. After 24h, the number of non-hatched eggs 
was recorded, which gives an account of hatchability index of control and treated 
flies. 
3.5.2.2. Emergence pattern of flies 
First instar larvae (+0.5h) hatching from eggs following synchronous egg 
laying were transferred to normal food (control), food mixed with both vehicular 
solvents and to food containing different concentrations of the leachates and 
metals (50 larvae/vial, five vials/ group). The larvae were allowed to grow on 
them through out their development. The numbers of flies emerging from 
different groups were recorded until all the flies emerged (Gayathri and 
Krishnamurthy, 1981). For analysis, data was converted to per 100 organisms. 
Newly emerged adult flies were processed for further reproductive studies as 
described below: 
3.5.2.3. Reproductive toxicity studies 
3.5.2.3.1. Fecundity, fertility and reproductive performance of flies 
The method of Gayathri and Krishnamurthy (1981) was followed with 
some modifications. Virgin flies emerging from control and treatment groups 
were isolated and pair mated in normal food vials. Pair mating was conducted in 
four different conditions per treatment groups. Ten pairs of flies were included 
per group as follows: 1) Control female ($) X Control male 0). 2) Treated $ X 
Treated S- 3) Treated $ X Normal S- 4) Normal $ X Treated S-
Flies were transferred to fresh vials everyday for the next 10 days. The 
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number of eggs laid and the total number of flies' eclosed from the eggs during 
10 days of pair mating was counted. From the data obtained, total fecundity 
(number of eggs) and mean egg production by a female for 10 days were 
calculated. Mean number of flies emerged per pair of ten days gave a measure of 
reproductive performance. 
3.5.2.3.2. Expression of hsp70 in reproductive organs of adult flies 
Reproductive organs from freshly eclosed virgin male and female flies of 
control and treatment groups were dissected out in PSS. In situ X-gal staining 
(indirect assay for reporter gene product LacZ) and in situ immunohistochemistry 
(direct assay for native Hsp70) in reproductive tissues were performed as 
described in section 5.1.1. 2. and 5.1.3. 
3.5.2.3.3. Dye exclusion test in reproductive organs of adult flies 
Reproductive organs from virgin male and female flies of control and 
treatment groups were dissected in PSS and Trypan blue staining was performed 
to detect tissue damage, if any, as described in section 5.1.6. 
3.5.2.3.4. RT-PCR analysis for hsp70, acpJOA and acp36DB in reproductive 
organs of adult flies 
Total RNA was extracted from the testes, ovaries and male accessory 
glands of freshly eclosed adult fly as described in section 3.5.1.2.1. cDNA was 
synthesized from (3[j,g) of total RNA as described previously in section 3.5.1.2.2. 
Specific primers were designed and used for PCR amplification for hsp70, 
acp70A and acp36DE (Table 1). Optimized PCR conditions were similar as 
described in section 3.5.1.2.3. consisted of 35 cycles for hspJO, 36 cycles for 
acpVOA and 34cycles for acp36DE. 
3.5.2.3.5. Flow cytometric detection of Acp70A (SP; sex peptide) protein in 
male accessory glands 
Cell suspensions were prepared from accessory glands of freshly eclosed 
male adult flies as described in section 3.5.1.5.2. and pattern of protein 
expression was observed as described in section 3.5.1.7.3. Cells were stained with 
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primary antibody against SP (SP rabbit antibodies, 1:40; courtesy Prof. Eric Kubli, 
University of Zurich-Irchel, Zurich, Switzerland) for Ih at 4"C. The cells were 
then washed with O.IM PBS (pH 7.4) thrice and stained with FITC conjugated 
anti-rabbit IgG secondary antibody (1:100; Sigma Chemicals, St. Louise, MO, 
USA) for Ih at 4"C. After staining, cells were washed in PBS and analyzed on a 
Becton Dickinson flow cytometer. For each sample, 10,000 events were counted 
and results were expressed in terms of mean fluorescence intensity. 
3.5.2.3.6. Electron microscopy for accessory glands 
Male accessory glands isolated from freshly eclosed adult flies from both 
control and treated groups were fixed in a solution of 2.0% glutaraldehyde and 
4.0% paraformaldehyde in O.IM cacodylate buffer (pH 7.2), post-fixed in 2% 
osmium tetraoxide, dehydrated and embedded in Araldite 502. Ultra thin sections 
(70-90nm thick) of the blocks were picked up on copper grids. Sections were 
then stained with uranyl acetate and lead citrate, and analysed under TEM at 
80kV. 
3.5.2.3.7. Immunogold electron microscopy 
Male accessory glands were fixed overnight in a solution of 0.005% 
glutaraldehyde and 4.0% paraformaldehyde in PBS (pH 7.4) at 25"C. They were 
then washed in PBS containing 0.5% glycine to quench excess fixative, 
dehydrated in an ascending series of ethanol, impregnated in London resin-White 
resin and subsequently polymerized at 60"C for 48h. Ultra thin sections (70-
90nm) collected on nickel grids were blocked in blocking buffer (PBS containing 
0.1% BSA (w/v) and 0.1% (v/v) cold fish gelatin) for 30min and incubated with 
anti Acp70A IgG monoclonal antibody (1:250, in blocking buffer) for 2h. 
Subsequentiy, the sections were incubated with 15nm gold-coupled goat anti-
rabbit IgG (1:250) for Ih at 37"C. The labeled sections were contrasted with 1.0% 
uranyl acetate and examined under TEM at 80kV. Negative control sample was 
processed separately by omitting primary immuno probes. Morphometric analysis 
was done in images from ten grids of three independent experiments for Acp70A 
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in secretory cells and Lumen. 
3.5.2.4. Survivotship of adult flies 
The effect of test chemicals on the life span of adult flies was studied by 
exposing the adult flies to food mixed with different concentrations of the 
chemicals from day one of their life cycle (50 flies/ vial and 10 vials per group). 
Flies were transferred to the vials, containing fresh food, every alternate day and 
the number of dead flies was recorded daily till the last fly was dead (Marchal-
Segult et al., 1985). For analysis, data was converted to per 100 organisms. 
3.5.3. Evaluation of D N A damage by Comet assay 
3.5.3.1. Single cell preparation 
Mid gut and brain ganglia tissues of control and treated larvae were 
explanted in PSS and single cell suspensions were made essentially as described in 
section 3.5.1.5.2. except that mid gut and brain ganglia cell suspensions were 
passed through nylon meshes of 60[j.m and 83[jim size, respectively. Cells were 
finally suspended in 80 .^1 of PBS. 
3.5.3.2. Viability assay 
The cells were checked for viability before the start of the experiment 
using Trypan blue dye according to the method of Phillips (1973). 
3.5.3.3. Base slide preparation 
Slide preparation was done according to the method of Tice et al. (2000). 
For Comet assay, end frosted slides with 1.5cm frosted ends were used. Normal 
melting agarose (NMA; 1.0%) (Sigma Chemicals, St. Louise, MO, USA; Cat# 
A9539) is prepared in miU-Q water and kept at 60"C. The slides were dipped in 
methanol and burnt on a blue flame to remove traces of machine oil. They were 
then dipped upto two-third of their length into molten NMA, wiped from under 
surface and left to dry. 
3.5.3.4. Experimental slide preparation 
For the entire group, slides were prepared in duplicate according to the 
method of Mukhopadhyay et al. (2004). All the experiments were repeated three 
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times. The cell suspension (80|JII) was mixed with 80p,I of 1.5% low melting point 
agarose (LMA; prepared in Ca^^ Mg^* free PBS; final concentration 0.75%) 
(Sigma Chemicals, St. Louise, MO, USA; Cat# A9414). For each slide, 15\i\ of the 
above mixture was immediately layered on a base slide. Cover slip was 
immediately placed over the second layer. The slide was then placed on a chilled 
plate for lOmin to allow complete polymerization of agarose. The cover slip was 
removed and the third layer of LMA 0.75% was layered and allowed to solidify 
over a chilled plate. Finally, the cover slip was removed and the slide was 
immersed for 2h in freshly prepared, chilled lysing solution (2.5M NaCl, lOOmM 
EDTA, lOmM Tris and L0% Triton X-100, pH 10) . 
3.5.3.5. Electrophoresis 
After lysis, the slides were placed in a horizontal electrophoresis tank (Life 
Technologies, Gaithersburg, MD, USA), containing fresh, chiUed electrophoresis 
buffer (ImM Na2EDTA and 300mM NaOH, pH>13) for lOmin for DNA 
unwinding. After unwinding, electrophoresis was conducted for 15min at 0.7 
V/cm (300mA/ 25V) at 4"C using a power supply from Techno Source Pvt. Ltd. 
(Mumbai, India). The slides were then washed three times with 0.4M Tris buffer 
(pH 7.5) at 4"C to neutralize excess alkali. 
3.5.3.6. Staining 
The slides were finally stained with ethidium bromide (20pLg/ml; 75|JL1 per 
slide) for lOmin in dark. After staining, the slides were dipped once in chilled 
distilled water for removing excess stain and subsequentiy cover slips were placed 
over the slides. All the steps from single cell preparation onwards were performed 
under dimmed light to avoid any light induced DNA damage. 
3.5.3.7. Slide scoring 
The slides were examined on a Leica DMBL microscope with flouresecnce 
attachment (Wetzlar, Germany). The images were transferred to a computer 
through a charge coupled device (CCD) camera and analyzed using Komet 5.0 
software (Kinetic Imaging, Liverpool, UK). 150 cells from each group (twenty-
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five cells/slide from two slides per experimental group, 3 experiments per group) 
were examined. Three different parameters were used as indicators of DNA 
damage, tail moment (TM) (arbitrary- units), tail DNA ("''o) and tail length (pim) 
(Fig. 1). These parameters have been described previously in detail (Olive et al., 
1992). 
Olive Tail Moment 
Tail length (lim): Migration of the DNIA from nucleus 
Tail D N A (%): Fraction of DNA in the tail - quantitative 
Tail Moment (arbitrary units): is the product of the tail length and fraction of 
DNA in the tail — qualitatixe 
Figure 1: Diagrammatic representation of different Comet parameters. 
3.6. Statistical analysis 
Statistical significance of the mean values for different parameters except 
Comet parameters data for validation study was determined in control and 
exposed groups using Two-Way ANOVA followed by Bonfcrroni's test for 
multiple comparisons after ascertaining the homogeneity of variance and 
normality of data. For statistical analysis, each end point was considered as 
dependent variables and concentrations and duration of exposure as independent 
\'ariables. p < (X05 was considered statistically significant. Pearson's correlations 
were calculated and then linear regression analysis was carried out. Prism 
computer program (GraphPad version 4.0, San Diego, CA, USA) was used for 
statistical analysis. Mean emergence and mean survivorship days of normal and 
exposed organisms at different concentrations of test chemicals was performed 
using survival analysis method. The emergence and survivor probabilities at 
different concentration for different days were analyzed using Chi-square 
statistics (Breslow, 1979). 
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Comet parameters data for validation study were analyzed using Student's 
/-test. The level of stadstical significance were set at p < 0.05 and p < 0.001 
whenever required. Data for TM were statistically analyzed and presented in 
figures as box-whisker plots that represented the range (minimum and maximum) 
median and 75 percentile. 
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CHAPTER I 
Industrial solid waste leachates and metals induced cellular stress 
response and apoptosis 
4. Introduction 
The focus of this chapter is to elucidate the possible mechanism of cellular 
toxicity caused by complex chemical mixtures, i.e., leachates of industrial solid 
wastes (a flashlight battery factory, a pigment plant and a tannery) at different pH. 
A possibility of correlation between Hsp70 expression and different oxidative 
stress and apoptotic markers was also examined. The study was further extended 
to investigate the role of ROS in modulating Hsp70 expression and apoptosis. An 
effort was also made to examine the toxic potential of a number of individual 
metals detected in these complex chemical mixtures on the organisms. 
4.1. Results 
The final pH of the Drosophila food mixed with the mildly and highly 
acidic leachates prepared from three industrial solid waste leachates was found to 
be between 6.0-6.5. During the course of study, no clear signs of toxicity were 
observed in any of the exposed groups except those treated with 2.0% leachates 
of FH and TH, where the organisms displayed sluggish movement after 48h. 
Metal ions like Cd, Ni and Zn detected in 10.0% leachates with their 
corresponding concentration expected to be 2.0% leachates of FH, PH and TH 
with the exception of Cr, Cu and Pb did not exhibit any significant alterations in 
any of the end points measured in comparison to control. Hence, only data for 
Cr, Cu and Pb were presented. 
Vehicular control (VC) and soil control leachates did not show any 
significant alteration in any of the end points measured as compared to control. 
Hence, only control was included for comparison at all the data points. 
4.1.1. Physico-chemical parameters analyzed in the leachates 
Physico-chemical analysis of the industrial soUd waste leachates showed 
that oxidation of wastes and microbial activity generated higher concentrations of 
pollutants particularly total dissolved solids (TDS), chloride, sulphate, 
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biochemical oxygen demand (BOD), chemical oxygen demand (COD) in highly 
acidic leachates as compared to mildly and neutral pH leachates. High TDS values 
indicated the presence of inorganic and biodegradable organic matter. The 
dissolved oxygen values were low in samples FH, PH and TH as compared to 
FN, PN, TN, FM, PM and TM leachates. Conductivity, hardness and turbidity 
showed an increasing trend from neutral to highly acidic pH leachates. The pH of 
the solid waste leachates were more alkaline than the pH of the extracting 
solvents (Table 1). 
4.1.2. Leachates contain heavy metals 
Table 2 shows the presence of eighteen metals analyzed (Al, As, Cd, Co, 
Cr, Cu, Fe, Hg, Mg, Mn, Mo, Ni, Pb, Se, Sn, Ti, V and Zn) in control soil, three 
industrial solid wastes and their respective leachates (SN, FN, PN and TN: 
neutral pH; SM, FM, PM and TM: mildly acidic pH; and SH, FH, PH and TH: 
highly acidic pH). Cu as the major metal along with Al, Mg, Ni, Pb and Zn as 
other metals were detected in the flashlight battery factory solid waste and its 
leachates (Table 2). Mg, Mn, Pb and Zn were detected as the major metals in the 
solid waste and leachates from the pigment factory and Al, As, Cd, Cr, Mg, Ni, 
Pb, and Zn as the major metals in the tannery solid waste and leachates (Table 2). 
Control soil leachates contained only Cu, Fe, Mg, Ni, and Zn in trace quantities. 
Concentrations of metal ions were found to be the highest in the leachates 
prepared with highly acidic solvent and the least in those prepared with neutral 
solvent (Table 2). 
4.1.3. Hsp70 expression 
4.1.3.1. Analysis of reporter gene activity for hsp70 in the exposed larvae of 
To determine, whether leachates and metals induce hsp70 promoter in the 
third instar larvae of 5 / , P-galactosidase activity was measured both quantitatively 
and qualitatively. 
4.1.3.1.1. Quantitative detection of Asp 7(7 expression in the larval tissues of Bg^ 
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An insignificant change in p-galactosidase activity was observed in the 
larvae exposed to 0.05% leachate of flashlight battery and tannery industrial 
wastes (groups F and T) and 0.5% leachates of group P for 2-48h in comparison 
to control (data not shown). At 0.1% dietary concentration of the leachate, a 
similar activity was observed in FN, FM, TN and TM groups exposed for 2-48h 
and in FH and TH groups upto 12h. A concentration- and time-dependent 
significant (p < 0.05) change in P-galactosidase activity was observed in the rest 
of the treated groups as compared to control (Fig. lA and C). Larvae of groups F 
and T exposed to 1.0 and 2.0% leachates, exhibited a maximum P-galactosidase 
activity after 4h treatment (a 2.9-, 3.1- and 4.1-fold increase in P-galactosidase 
activity was observed in the larvae exposed to 2.0% leachates of FN, FM and FH 
groups, respectively) (Fig. lA and C). In these groups, a significant (p < 0.05) 
regression in P-galactosidase activity was observed after 24h as compared to that 
observed after 4h treatment (a 0.9-, 1.3- and 1.9-fold decline in p-galactosidase 
activity was observed in the above groups, respectively) (Table 3 and Fig. lA and 
C). Larvae exposed to 1.0 and 2.0% leachates of pigment plant waste prepared 
with mild and highly acidic solvent (PM and PH) exhibited a significant 
upregulation in their P-galactosidase activity with an increase in leachate 
concentration and a decrease in exposure time (Fig. IB). 
Cr, Cu and Pb were detected in the leachates of the industrial solid wastes 
and their leachates. Larvae exposed to these metals at their two higher tested 
concentrations relevant to their concentration in the leachates exhibited a 
significant (p < 0.05) increase in P-galactosidase activity in concentration- and 
time-dependent manner (Fig. IB and C). Temperature-shocked larvae showed a 
significant induction of P-galactosidase activity (5.5 fold increase) (data not 
shown). 
4.1.3.1.2. Qualitative detection of Asp7^ expression by in 5iVu histochemical 
staining 
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Figure 2[A(a-I) and B(a-c)] shows tissue wise p-galactosidase staining in 
control, temperature-shocked and larvae treated with leachates and metals for 
different time intervals. In control, only 2.0-3.0% larvae exhibited a pale blue 
staining in their proventriculus, while in the rest, no staining was evident [Fig. 
2A(a)]. A similar staining pattern was observed in FN, FM, FH, TN, TM and TH 
groups treated with 0.05% leachate and in FN and TN groups treated with 0.1% 
leachates [Fig. not shown except TH at 0.05% for 48h; Fig. 2A(c)]. Larvae 
exposed to 1.0 and 2.0% dietary leachate concentrations of groups F and T 
exhibited a moderate to dark blue staining in their salivary gland, proventriculus, 
brain ganglia, midgut and hindgut with a maximum staining in the above tissues 
after 4h and a weak staining after 24h [Fig. 2A(d-f and j-1)]. Larvae of PM and PH 
groups treated with LO and 2.0% leachates showed a moderate to dark blue 
staining pattern in the above tissues after 24 and 48h except in PH (2.0%), where 
a moderate blue staining after 4h was observed [Fig. 2A(g-i)] (Figs, for PN and 
PM not shown). Temperature-shocked larvae showed a maximum blue staining in 
all their tissues [Fig. 2A(b)]. Larvae treated with Cr, Cu and Pb showed a light to 
moderate blue staining in the above tissues at their two higher concentrations 
[Fig.2B(a-c)]. 
4.1.3,2. Analysis of native hsp70 and Hsp70 after leachates exposure in Bg^ 
larvae 
4.1.3.2.1. Expression oihsp70mRNA 
Native hsp70 mRNA level in exposed Drosophila larval tissues was measured 
by RT-PCR. Figure 3(A-B) shows the expression of native hsp70 mRNA in 
control, temperature-shocked and leachates exposed larvae for different time 
intervals. A time-dependent significant (p < 0.05) increase in hsp70 expression 
was observed in the larvae exposed to PH leachates (Fig. 3B). A similar pattern 
was observed in larvae exposed to 0.1 and 0.5% leachates of TH group (Fig. 3B), 
Larvae exposed to 2.0% leachate of tannery (TH) exhibited 4.6 fold increased 
hsp70 expression after 4h treatment. In this group, hsp70 expression was 
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significantly regressed (p < 0.05) after 48h as compared to that after 4h (2.6-fold 
decline). Temperature-shocked larvae showed a significant (p < 0.05) induction of 
hsp70 expression in comparison to control (4.9 fold increase) (Fig. 3B). 
4.1.3.2.2. Western blotting and hybridization for native Hsp70 expression 
To investigate whether the decline in Hsp70 expression in exposed larvae 
following 24 and 48h exposure with groups F and T leachates is due to the 
instability of the reporter gene product or due to the decreased availabilit}' of 
cells, Western hybridization was performed. Figure 4(A-B) shows Hsp70 
expression in control, temperature-shocked and leachates treated larvae. A 3.92 
fold increase in Hsp70 expression was observed in temperature-shocked larvae as 
compared to control. Similarly, a time-dependent increase in Hsp70 expression 
was observed in group P. Conversely, 2.0% TH group, a 3.71 fold increase in 
Hsp70 expression was observed after 4h, followed by 0.98 and 1.64 fold decline 
in Hsp70 expression after 24 and 48h as compared to that observed after 4h 
treatment, respectively (Fig. 4B). 
4.1.3.2.3. Detection of native Hsp70 by whole organ immunohistochemistry 
To examine, whether the reporter gene assay reflects native Hsp70 
expression, in situ immunohistochemistry using Hsp70 antibody was carried out. 
Figure 5(a-d) shows the Hsp70 expression in tissues of control, temperature-
shocked and leachates treated larvae. Hsp70 expression in control and treated 
larvae were comparable to that observed with reporter gene assay. 
4.1.4. Oxidative stress markers 
4.1.4.1. Leachates and metals elicit intracellular ROS in the exposed larvae 
To investigate whether the leachates and metals elicit ROS generation in 
concurrence with Hsp70 expression in the exposed organism, oxidation of 
dichlorofluorescin (DCF) was monitored by flow cytometry (Figs. 6 and 7). ROS 
generation in control and in groups F and T treated with 0.05—0.1% and in PN 
group treated with 0.05—2.0% respective leachates were comparable. A similar 
observation was made in groups F, P and T (FN and TN groups: 0.5%-2.0% 
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leachates for 2-4h; FM, FH, TM and TH groups: 0.5-1.0% leachates for 2-4h and 
2.0% leachate for 2h; PM group: 1.0% leachate for 2-48h, 2.0% leachate for 2-6h 
and PH group: 1.0% leachate for 2-12h and 2.0% leachate for 2-6h, respectively). 
In the rest of the groups, a significant increase in ROS generation was observed in 
a concentration- and time-dependent manner (Figs. 6 and 7). For example, while 
larvae of FM group exposed to 1.0% leachate showed a significant (p < 0.05) 
increase (1.6 fold) in ROS generation after 6h, at 2.0% leachate concentration, 
larvae of this group exhibited a 1.5 fold increase in ROS generation after 4h (Fig. 
7A). Larvae treated with Cr, Cu and Pb showed a similar pattern of ROS 
generation as stated above (Fig. 6h-j). There was a significant positive correlation 
(r = 0.81; p < 0.0001 for group T) between ROS generation and Hsp70 
expression in the exposed organisms of groups F and T treated with 0.5% leachate 
(data not shown for group F). However, the same were found to be negatively 
correlated (r = - 0.59; p = 0.0199 for group T at 2.0% concentration) at higher 
dietary leachates concentrations (1.0-2.0%) in these groups (data not shown for 
group F) (Table 4). Among all the groups, leachates of pigment plant waste (group 
P) evoked a minimum effect on ROS generation in the exposed organisms [Figs. 6 
(d and e) and 7B]. Interestingly, a positive correlation was evident between ROS 
generation and Hsp70 expression in the larvae exposed to group P leachate only at 
its highest concentration (r = 0.78; p < 0.0001 at 2.0% concentration) (Table 4). 
4.1.4.2. Leachates and metals augment antioxidant enzyme activities and 
lipid peroxidation in the exposed larvae of B^ 
Higher ROS production has been shown to be associated with increased 
activities of antioxidant enzymes (Valko et al., 2006; Ryter et al., 2007). Therefore, 
the status of SOD and CAT activities and MDA content in control and treated 
organisms was examined for different time intervals. 
4.1.4.2.1. Effect of leachates on Cu-Zn SOD activity in third instar larvae of 
Figure 8(A-C) shows Cu-Zn SOD activity in control and treated 
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organisms. SOD activity in control larvae and those of group PN treated with 
0.05-2.0% leachates, and groups F and T treated with 0.05-0.1% leachates, was 
comparable through out the exposure period (2-48h) (data for 0.05% leachates 
not shown). Larvae exposed to 0.5% leachates of groups F and T and higher two 
concentrations of Cr, Cu and Pb exhibited a significant increase (p < 0.05) in 
their SOD activity after 12h (Fig. 8B and C). With an increase in concentration of 
the leachates (1.0-2.0%), larvae of groups F and T revealed a significant (p < 0.05) 
increase in SOD activity after 6h. However, larvae treated with 2.0% leachates of 
PM and PH groups exhibited a significant (p < 0.05) enzyme activity after 12h 
(Fig. 8B). In this context, a positive correlation was drawn between ROS level and 
SOD activity in the exposed organisms at higher three concentrations (0.5-2.0%) 
(r = 0.95; p < 0.0001 for group T at 2.0% concentration) (Table 4). 
4.1.4.2.2. Expression of soc/mRNA in the exposed larvae 
Figure 9(A-B) shows the sod mRNA expression in control and treated 
larvae. An insignificant (p > 0.05) increase in sod mRNA level was observed in the 
larvae exposed to 0.1% leachate of tannery waste (TH group) after 48h exposure 
in comparison to control. In this group, a concentration- and time-dependent 
significant (p < 0.05) increase in sod mRNA expression level was observed in the 
larvae exposed to 0.5% and 2.0% leachate as compared to control. Larvae 
exposed to 2.0% leachates of pigment plant waste prepared with highly acidic 
solvent (PH) exhibited a time-dependent increase in sod mRNA expression (Fig. 
9B). 
4.1.4.2.3. Catalase activity in normal and treated third instar larvae of B^ 
Figure 10(A-C) shows CAT activity in control and treated organisms. An 
insignificant (p > 0.05) increase in the enzyme activity was observed in the larvae 
exposed to 0.1% leachates of F and T groups and 1.0% leachates of group P in 
comparison to control. Rest of the groups show a concentration- and time-
dependent significant (p < 0.05) increase in CAT activity. The pattern is similar to 
that observed for SOD activity in the above mentioned groups. A significant 
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positive correlation was found between ROS generation and CAT activity in the 
exposed organisms (r = 0.89; p < 0.0001 for group T at 2.0% concentration) 
(Table 4). 
4.1.4.2.4. Expression of cat mRNA in control and treated larvae 
Figure 11(A-B) shows the cal mRNA expression in control and treated 
larvae. In the larvae exposed to 2.0% leachates of pigment plant waste (PH 
group) there was a time- dependent significant (p < 0.05) increase in cat mRNA 
expression as compared to control. A similar observation was made in the larvae 
treated with 0.5% and 2.0% leachate of TH group. The pattern of ca( mRNA 
expression was similar to that observed with the pattern of sod mRNA expression 
in the exposed larvae. 
4.1.4.3. Lipid peroxidation 
Figure 12(A-C) shows the MDA content measured in control and treated 
larvae at different concentrations and time intervals. An insignificant (p > 0.05) 
change in MDA content was observed in the larvae exposed to 0.05% and 0.1% 
leachates in all the groups (groups F and T) through out the exposure period (2-
48h) in comparison to control (Data for 0.05% leachates not given). Larvae 
exposed to 0.5-2.0% leachates of groups F and T, exhibited a concentration- and 
time-dependent significant (p < 0.05) increase in MDA content following 6-48h 
exposure as compared to control except in FH and TH, where a significant (p < 
0.05) MDA content was evident after 4h at 2.0% leachate concentration (Fig. 12A 
and C). A strong positive correlation was drawn between ROS level and MDA 
content in the exposed organisms (r = 0.87; p < 0.0001 for group T at 2.0% 
concentration) (Table 4). 
4.1.5. Leachates caused proteotoxicity in the exposed larvae of Bg^ 
Figure 13(A-B) shows the total protein content measured in control and 
treated larvae at different time intervals. Total protein content, in control larvae 
and those of group P treated with 0.05-2.0% leachates and those of groups F and 
T treated with 0.05-0.5% leachates, were comparable through out the exposure 
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period (2-48h) (data for FN, FM, TN, TM, FH and TH groups for 0.05-0.5% 
leachates and group P not shown). Larvae exposed to 1.0 and 2.0% leachates of 
groups F and T showed a significant (p < 0.05) decline in their total protein 
content after 24 and 48h in concurrence with a significant (p < 0.05) decline in 
Hsp70 expression and a significant (p < 0.05) increase in ROS generation. In these 
groups, a negative correlation was drawn between total protein content and ROS 
levels and Hsp70 (r = - 0.76; p = 0.0003 with ROS and r = 0.70; p = 0.0011 with 
Hsp70 for group T at 2.0% concentration) (Table 4). 
4.1.6. Compromised Hsp70 expression evoked tissue damage 
Decline in Hsp70 expression and increased intracellular ROS level led to the 
examination of tissue damage, if any, in the exposed organism by dye exclusion 
assay. Tr3^an blue, a vital dye, is excluded by intact cells and is rapidly absorbed 
by dead or dying cells. Interestingly, a moderate blue to dark blue cells of gut 
tissues of the larvae of groups F and T exposed to 1.0 and 2.0% leachates was 
observed after 24 and 48h, respectively (Fig. 14b-c and e-f). Larvae fed the group 
P leachates [Fig not shown except PH at 2.0% concentration after 48h (Fig. 14d)] 
and metals (Cr, Cu and Pb) mixed food did not exhibit any trypan blue staining in 
their tissues (Figs, for metals are not shown). 
4.1.7. Leachates induced apoptosis 
Observation of trypan blue positive cells in the exposed organisms led to 
explore the possibility of apoptotic cell death in them. Cu and Pb did not show 
any significant alteration in any of the apoptotic end points measured as 
compared to control. Conversely, larvae exposed to the highest tested 
concentration of chromium (26.8ppm) for 48h only exhibited significant 
alterations of apoptotic markers in their cells. 
4.1.7.1, Mitochondrial membrane potential (AT^) 
Alteration in A4^^ has been shown to be an early event of apoptosis (Green 
and Reed, 1998). Therefore, the effect of leachates on loss of A^^ in the exposed 
larvae was examined (Figs. 15 and 16). The larvae of groups F and T treated with 
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0.05-0.1% leachates and those of group P exposed to 0.05-1.0% leachates for 2-
48h showed an insignificant loss in A4^„ in their cells in comparison to control 
(Figs, not shown for these groups). Conversely, larvae of PH group exposed to 
2.0% leachate showed a significant loss in A^^ ,^, only after 48h (Figs. 15g and 
16B). With an increase in concentration of the leachates, rest of the exposed 
groups exhibited a significant loss in AT„ in their cells in a concentration- and 
time-dependent manner as seen by an increase in green fluorescence emission 
[(Figs. 15d-e and h-i) and (16A and C)]. For example, larvae of group FH treated 
with 2.0% leachate showed a significant loss in A^^ after 12h which further 
abrogated after 48h (Fig. 16A). Interestingly, loss in A4^^ in the exposed 
organisms was positively correlated with ROS generation (r = 0.86; p < 0.0001 
for group T at 2.0% concentration) and negatively correlated with Hsp70 
expression (r = - 0.60; p = 0.0089 for group T at 2.0% concentration) (Table 4). 
4.1.7.2. Leachates induced DNA nicking in midgut tissues of the exposed 
larvae of B^ 
The potential of leachates to induce DNA nicking was studied by TUNEL 
staining of cells from midgut tissues of the larvae exposed to leachates of groups 
F, P and T (data for FN, FM, FH, PN, PM, TN and TM groups not given). The 
trend of TUNEL positive cells was similar to that observed with loss in A4^^ in 5 
the exposed larvae [Fig. 17(A-B)]. 
4.1.7.3. Grim, Hid and Rpr expression in the exposed larvae oiB^ 
To examine the status of initiator molecules of apoptosis in the organisms 
after industrial solid waste leachates exposure, expression of Rpr (reaper), Hid 
(head involution defective) and Grim was determined by flow cytometry. A 
significant upregulation (p < 0.05) in Rpr, Hid and Grim expression was observed 
in the larvae of groups F and T in a concentration- and time-dependant manner 
(Figs. 18 and 19 and Table 3 showing the data of only FH, PH and TH groups). 
Larvae exposed to the leachates of group P did not show any significant (p > 
0.05) augmentation of the above three proteins at 2.0% dietary leachate 
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concentration except that PH group exhibited a significant upregulation of these 
proteins only after 48h [(Figs. 18c, g and k) and (19A-C)]. A strong positive 
correlation was observed between Hid, Rpr and Grim expression and ROS 
generation (r = 0.86; p < 0.0001 with Hid: r = 0.72; p < 0.0001 with Rpr: r = 
0.83; p < 0.0001 with Grim for group T at 2.0% concentration) and loss in A4^^ , 
with Hid, Rpr and Grim in the exposed larvae (r = 0.96; p < 0.0001 with Hid: r = 
0.96; p < 0.0001 with Rpr: r = 0.92; p < 0.0001 with Grim for group T at 2.0% 
concentration) (Table 4). 
4.1.7.4. Phosphatidyl serine (PS) externalization in exposed larvae of B^ 
ExternaUzation of PS on plasma membrane in the leachate exposed larvae 
was monitored by using Annexin V-FITC that specifically binds negatively 
charged phospholipids. Figures 20 and 21 show the distribution (%) of early 
apoptotic (Annexin V positive) and late apoptotic (Annexin V positive/ 
Propidium iodide positive) cells of the larvae of control and treated groups at 
different concentrations and time-intervals. A concentration- and time-dependent 
significant increase in the percentage of apoptotic cells was observed in the larvae 
fed 1.0 and 2.0% leachates of groups F and T for 24h. Larvae of these groups 
showed a maximum Annexin V + PI positive cells after 48h (78.0% and 81.0% 
Annexin V + PI positive cells were observed in FH and TH groups at 2.0% 
leachate concentration respectively). The order of the apoptotic cells in the larvae 
exposed to 1.0 and 2.0% FN, TN, FM, TM, FH and TH leachates was 
TH>FH>TM>FM>TN>FN, respectively. In these groups, the number of 
Annexin V + PI positive cells was found to be positively correlated with 
depolarized mitochondria (low A ^ J (r = 0.99; p < 0.0001 for group T at 2.0% 
concentration) and ROS levels (r = 0.79; p < 0.0001 for group T at 2.0% 
concentration). Conversely, a negative correlation was observed between Annexin 
V positive cells and Hsp70 expression (r = - 0.63; p = 0.0051 for group T at 
2.0% concentration) (Table 4). 
4.1.7.5. Leachates induced apoptosis is caspase dependent 
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The caspase-3 and -9, activated during mitochondria mediated apoptotic 
pathway (Wang et al., 2005) to facilitate chromatin condensation and cellular 
disassembly, were examined in the control and treated larvae. Figures 22 and 23 
show the activities of caspases in control and treated groups at different time 
intervals. An insignificant (p > 0.05) change in the activities of caspases in the 
larvae of group P and groups F and T treated with 0.05-0.5% leachates was 
observed as compared to control. At 1.0 and 2.0% dietary concentrations of the 
leachates, larvae of groups F and T exhibited a concentration- and time-
dependent significant (p < 0.05) increase in caspase-3 and -9 activities in their 
tissues (Table 3). Expression of executor caspase Drice (homologue of caspase-3 
of mammals) in the exposed larvae by flow cytometry showed an expression 
similar to that observed spectrophotometrically (Fig. 24A and B). A strong 
positive correlation was evident between Drice expression and ROS generation (r 
= 0.84; p < 0.0001 for group T at 2.0% concentration) and loss in A4^^ with 
Drice (r = 0.96; p < 0.0001 for group T at 2.0% concentration) in the exposed 
organisms (Table 4). 
4,1,7.6. Leachates promote distinct cellular and sub cellular alterations in 
midgut tissues of Bg^ larvae 
Increased ROS generation and loss of A ^ „ in the exposed larvae led to 
examination of ultra structural changes in the cells of their midgut after 48h. 
Figure 25(a-h) shows cells with representative characteristics from midgut tissue 
sections of control and treated larvae. Mucosal epithelial cells of midgut tissue of 
the control group displayed well-developed rough endoplasmic reticula (RER), 
ribosomes and mitochondria of varying sizes and shapes (Figs. 25a-d). 
Mitochondria possess tubular cristae with dense matrix (Fig. 25c). Spherical nuclei 
with patches of heterochromatin and centrally located nucleoli were observed 
(Fig. 25d). Luminal surface membranes possess well-developed microvilli of 
uniform size (Figs. 25a and b). Larvae treated with 2.0% FH and TH leachates 
showed hallmark morphological apoptotic features as evident by paler and 
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smaller nuclei with absence or eccentrically placed nucleoli and condensed 
chromatin (Figs. 25f and g), extensive vacuolization of varying sizes and shapes in 
the cytoplasm (Figs. 25f-h). Swelling of mitochondria with few/ or loss of cristae 
were prominently observed along with dissociation of ribosomes from rough 
endoplasmic reticulum (Figs. 25e-h). Appearance of vacuoles seems to be 
associated with the remains of swollen RER and mitochondria. Further, in 
addition to chromatin condensation, broken and disorganized microvilli were 
observed in the lumen of midgut tissues of these larvae (Fig. 25e). 
4.2. Discussion 
Leachates of the industrial wastes as well as metals (Cr, Cu and Pb) were 
found to have adverse effects on the exposed organisms as evident by their 
Hsp70 expression, ROS generation and oxidative stress enzymes along with 
proteotoxicity and apoptosis. Effect of the leachates on the organism was more 
pronounced with a decrease in the pH of extracting solvent (H> M> N). 
Interestingly, pH of the diets fed to the larvae was found to be between 6.0-6.5, 
thereby indicating higher leaching of metal ions and possibly a higher yield of 
inorganic and organic substances under acidic condition. This is further evident 
from the analysis of the eighteen metals in the solid wastes and their respective 
leachates and subsequently presence of a number of metals in the exposed 
organisms. Moreover, the relatively high values of TDS in highly acidic leachates 
indicate the leaching of higher inorganic materials in these leachates. Similarly, 
presence of high BOD5 and COD indicates the higher organic strength in these 
acidic leachates. 
Stress inducible Hsp70 has displayed its potential as first tier biomarker 
due to its conservation through evolution, inducibility by wide diversity of 
inducers and being part of cellular defense machinery (Hightower, 1991; Bierkens, 
2000; Ait-Aissa et al., 2003; Krone at al., 2005). In this context, P-galactosidase 
activity was used as a biomarker of hsp70 expression in the exposed organisms 
following leachates and metals treatment. This is supported by the studies of 
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Stringham and Candido (1994) and Guven and de Pomerai (1995) where P-
galactosidase activity was used as an indicator of stress protein expression in 
Caenorhabditis elegans for environmental risk assessment. In this context, 
comparable reporter gene activity and native Hsp70 expression in the exposed 
organisms support the transgenic observation. 
Leachates of the three industrial solid wastes were found to contain a 
number metal ions and displayed differences in their capacities to induce hsp70 
promoter in the exposed organisms. Leachate is a complex chemical mixture. As, 
Cd, Cr, Cu, Mn, Ni, Pb and Zn have been detected as the major metals in the 
above wastes and their leachates. A number of metal ions such as As, Cd, Cr, Cu, 
Hg, Pb, Ni and Zn have been reported as inducers of Hsp70 (Nover, 1991; Ait-
Aissa et al., 2000; TuUy et al., 2000) and their ability to produce ROS (Chandra et 
al., 2000: Valko et al., 2006; Schmid et al., 2007). Heavy metals have been shown 
to interact with —SH group of proteins through an oxidative action and alter 
protein structure (Ait-Aissa et al., 2000). Therefore, proteotoxic action by metals 
as one of the reasons for the significant activation of hsp70 promoter can not be 
ruled out. In addition to the metals, leachates may also contain chemicals that are 
liphophilic in nature (Fent, 2004). A possibility remains that liphophilic chemicals 
can easily cross the lipid membrane and enter the cell, alter protein structure and 
triggers Hsp70 expression. 
The industrial soUd waste leachates were found to evoke oxidative stress as 
evident by a significant upregulation of ROS generation, antioxidant enzyme 
activities and MDA content (a major product of lipid peroxidation) in the 
exposed organisms. Such an upregulation was more robust in the organism 
exposed to the leachates of flashlight battery factory and tannery wastes as 
compared to those exposed to leachates of pigment plant. This may possibly be 
due to increased amount of leachable chemicals in the former two as compared to 
latter. Interestingly, a significant ROS generation accompanied with a significant 
increase in MDA content was observed prior to antioxidant enzyme activities in 
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the exposed larvae. In this context, a strong positive correlation drawn between 
ROS generation, antioxidant enzymes and MDA content suggests oxidative stress 
inducing potential of chemicals present in the leachates. 
A significant induction of hsp70 promoter was observed prior to significant 
generation of ROS and antioxidant enzymes in the larvae of groups F and T 
exposed to 0.5-2.0% leachates (FN, TN, FM and TM for 2-4h; FH and TH for 
2h, and PM and PH for 4-6h). A pertinent question is whether induction of hsp70 
is modulated by ROS. One possible explanation is that a mild increase in ROS 
generation (not detected) may activate Hsp70, known to have antioxidant 
properties (Creagh et al., 2000; Sreedhar and Csermely, 2004), to prevent build up 
of ROS in them well before antioxidant enzymes are induced. Wong et al. (1993) 
suggesting the protective role of Hsp70 also demonstrated that increased 
expression of Hsp70 did not alter a number of major antioxidant enzymes such as 
SOD, CAT and GPx against hyperoxia. Tissue damage was not observed in the 
larvae of groups F and T treated with 0.5% leachates and those of group P with 
1.0-2.0% leachate, yet a strong positive correlation was drawn between HspVO, 
ROS generation and antioxidant enzyme activities in these groups. Therefore, it is 
tempting to speculate that both the defense system work together during cellular 
defense against ROS induced injury upto a certain limit of exposure. Conversely, 
a significant regression in HspTO expression was observed in the larvae exposed 
to 1.0 and 2.0% leachates of FN, TN, FM, TM, FH and TH for 24 and 48h along 
with higher ROS levels. In this context, a negative correlation was drawn between 
HspTO expression and ROS generation at these concentrations (1.0 and 2.0%). 
Induction of hsp70 by heavy metals as well as by other stresses is mediated by 
heat shock transcription factor (HSF) (Kim et al., 2005; Uenishi et al., 2006). A 
mild change in ROS level leads to the activation of HSF, while large changes in 
ROS level lead to HSF inhibition (Jacquier-Sarlin and Polla, 1996; Papp et al., 
2003). Concomitant with a regression in Hsp70, tissue damage in the gut tissues 
of the exposed organism was observed. One of the possibilities that increased 
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ROS generation in the exposed organism may regress Hsp70 expression by 
inhibiting HSF leading to tissue damage can not be ruled out. A negative 
correlation was drawn between Hsp70 expression and antioxidant enzyme 
activities in the larvae exposed to higher concentrations (1.0 and 2.0%) of the 
leachates. This further supports the fact that Hsp70 plays a crucial protective role 
against ROS induced cellular damage and yet a gradual concentration- and time 
dependent increase in SOD and CAT activities may not be able to protect the 
cells beyond a threshold limit. 
Tissue damage in leachates exposed larvae was found to be apoptotic, 
which is mitochondria-mediated and caspase-dependent. Apoptosis has been 
shown to occur in Drosophila (Hay and Guo, 2006) in response to a number of 
insults (Perez-Garijo et al., 2005). Recently, Means and Rays (2007) suggested 
involvement of mitochondria in apoptosis in this organism. This was also 
confirmed by this study in which loss of A^^ was observed after treatment with 
leachates. A strong positive correlation was drawn between ROS level and loss of 
l!sS^^. In this context, a significant increase in depolarization of mitochondria 
prior to PS externalization and caspases activation indicates ROS impaired energ\' 
status before morphological changes typical of apoptosis in the cells of the 
exposed organism as shown by Huang et al. (2006) in human lens epithelial cells 
grown in hyperoxic atmosphere. 
Hsp70 has been shown to prevent both caspase dependent and 
independent cell death by interfering with the signaling events that triggers 
apoptotic programme at multiple points in the apoptotic pathway including 
blocking and sequestering activated caspases (Creagh et al., 2000; Kim et al., 
2005). In this context, a negative correlation was drawn between Hsp70 
expression and cells with low A^^ and PS externalization of the organisms 
exposed to higher leachate concentrations (1.0 and 2.0%) of flashlight battery 
factory and tannery wastes, while a strong positive correlation was evident 
between ROS generation and Rpr, Hid, Grim and Drice expression under similar 
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experimental conditdon. Therefore, one of the possibilities that decline in Hsp70 
due to higher ROS level results in the loss of A4^^ and a subsequent upregulation 
of Rpr, Hid, Grim and Drice activities promoting and executing apoptosis in the 
exposed organism can not be ruled out. 
Interesdngly, a decline in total protein contents was found to be 
concomitant with a regression in Hsp70 expression. Also, a negative correlation 
was observed between ROS levels and total protein contents in the exposed 
organisms. Thus, irreparable damage of protein, caused by ROS may be one of 
the possible reasons for higher cell death. Davies (2005) opined that proteins are 
the major targets for oxidants as a result of their abundance in biological systems. 
A strong negative correlation between apoptotic end points and total protein 
contents as evident in this study reflects the potential of total protein contents 
indicative of cytotoxicity. This is in accordance to an previous study by Ait-Aissa 
et al. (2000) showing a correlation between cell viability and total protein content 
in HeLa cells exposed to environmental chemicals. 
Although the relatively higher concentrations of metals in the leachates 
may well have contributed to their toxicity in the exposed organisms, the metals 
alone may not be the only contributing factor to the toxicity of the leachates. 
Synergistic or antagonistic effect of a number of potential chemicals including 
metal ions present in a complex chemical mixture could have significant influence 
on the toxic response. Though, a limited number of metal ions in the leachates as 
well as in the exposed larvae was detected, it is not practically feasible to detect all 
their inorganic and organic components. Therefore, it is tempting to speculate 
that these unidentified toxicants, known as non-conventional pollutants (NCPs) 
(American National Research Council, 1991), could have contributed to the ROS 
generation, Hsp70 expression and apoptosis in the exposed larvae, which 
represent a risk of unknown magnitude. 
Based on the observations made, a model is proposed, whereby rapid and 
progressive ROS generation represents one of the key events in leachates induced 
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cell death by mitochondria-mediated pathway in concurrence with a decbne in 
Hsp70 expression in the exposed organisms (Fig. 26). 
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Table 3. Summary of Hsp70 expression, Oxidative stress and apoptotic 
markers in leachates of industrial solid waste exposed larvae oiB^. 
Treatment 
Groups and 
Exposure Time 
FN 0.1% 24-48h 
FN-FH 0.5% 2-4h 
6h 
12h 
FN-FM 0.5% 24-48h 
FH 0.5% 24-48h 
FN-FH 1.0% 2-4h 
FN1.0%6h 
FM-FH 1.0% 6h 
FN-FH 1.0% 12h 
24-48h 
FN 2.0% 2-4h 
6-12h 
24-48h 
FM-FH 2.0% 2h 
4h 
6h 
12h 
24-48h 
Group T 
PM1.0%24-48h 
PH1.0%6-12h 
24- 48h 
2.0% PH 2h 
PM-PH 2.0% 4-6h 
12-24h 
2.0% PM 48h 
2.0% PH 48h 
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T = Significant induction, \^ — not significant decline, X- = significant decline 
and — = insignificant vs. control. Leachates from waste generated by a flashlight 
battery factory (Group F), a pigment plant (Group P) and a tannery (Group T). 
Leachates were prepared in neutral (N; pH 7.00), mildly acidic (M; pH 4.93) and 
highly acidic (H; pH 2.88) solvents. Significance is ascribed as p < 0.05. 
Table 4. Correlation among ROS generation, Hsp70 expression, oxidative 
stress and apoptotic markers in the third instar larvae of B£ exposed to 
leachates of industrial soUd wastes. 
Group 
0.5% Group T 
0.5% Group F 
2.0% Group P 
2 .0% G r o u p 1 
2 .0% G r o u p F 
Regression equation 
YH = 0.0139XR + 0.127 
YsoD = 14.75XH + 0.803 
YcAT= 1231.6XH -178.6 
Correlat ion 
0.81 
0.81 
0.80 
(r) Probability (p) 
A similar pat tern was observed 
YH = 0 .00205XR + 0.045 
YSOD = 13 .35XH-0 .041 
YcAT= 1495.2XH -191.7 
Y H = - 0.0073XR + 0.58 
Ysoo = - 1 0 . 8 9 9 X H + 9.81 
YcAT = - 7 1 6 X H + 585.1 
Y^ = - 1 4 8 . 8 5 X H + 88.21 
YAVF = - 93.69H + 69.46 
Yp = - O.IOOSXR + 6.52 
Y,, = -20.357Xp + 122.25 
YsoD = 0.246XR + 0.86 
Y , A ^ = 1 4 . 9 3 X , + 1 9 . 7 7 
YLPO = 0.337XR + 3.61 
YR = 1.58XAVJ' + 2 .22 
Y H , = 1 . 5 3 X , - 1 1 . 4 7 
Y,p,= 1.65X,-13.08 
Yc„„ = 0.9834X,-7.305 
YH,d = 0.978XA4'-12.357 
YRP,= 1 .0136XAT-14 .34 
Y ^ „ ^ = 0 . 5 9 3 2 X A ^ P - 7 . 7 6 
Yo„„ = 1.608X,-12.557 
YDncc = l-0007XAT-14.22 
YA = 2.171XR-12.67 
YA = 1.465XAT-18.40 
Yp, 8.026XH + 1.3743 
0.78 
0.97 
0.92 
-0.59 
-0 .49 
-0.496 
-0.63 
-0.60 
-0 .76 
-0.98 
0.95 
0.89 
0.87 
0.86 
0.86 
0.72 
0.83 
0.96 
0.91 
0.92 
0.84 
0.96 
0.79 
0.99 
0.70 
A similar pat tern was observed 
<0.0001 
<0.0001 
<0.0001 
as in group T 
<0.0001 
<0.0001 
<0.0001 
0.0199 
0.039 
0.036 
0.0051 
0.0089 
0.0003 
<0.0001 
<0.0001 
<0.0001 
<0.0001 
<0.0001 
<0.0001 
<0.0001 
<0.0001 
<0.0001 
<0.0001 
<0.0001 
<0.0001 
<0.0001 
0.0001 
<0.0001 
0.0011 
as in g roup T 
F 
30.50 
29.98 
29.22 
171.21 
225 
93.7 
7.04 
5.06 
5.23 
10.51 
8.85 
21.93 
450.1 
142.57 
58.35 
50.99 
45.26 
44.53 
41.49 
36.49 
165.3 
167.0 
91.00 
38.66 
185.4 
25.93 
288.39 
15.66 
R- mean fluorescence intensity for ROS; H - Hsp70 expression as measured by P-
galactosidase activity; A - % Annexin V + PI positive cells; A ^ - % depolarized 
mitochondria; P — Protein (mg/ml); SOD - super oxide dismutase activit)' 
(units/min/mg protein); CAT - catalase activity (|J.mol H202/min/mg protein); LPO -
lipid peroxidation (nanomoles MDA/h/mg protein). Leachates from the waste generated 
by a flashlight battery factory (Group F), a pigment plant (Group P) and a tannery 
(Group T). 
Control FN 0.5% FN 1.0% FN 2.0% FM 2.0% FH 0.1% FH 0.5% FH 2.0% 
F'S"rc lA Groups 
^F'g' urc IB 
Control PM 1.0% PM 2.0% PH 2.0% Cu Cu Pb Pb 
18.3ppm 73.0ppm 10.4ppm 41.3ppm 
Groups 
Control TNO.5% TN 1.0% TN 2.0% TM2.0% THO.I% Cr 6.7ppm Cr 
_. ^„ 26.8ppm 
Figure IC Groups 
Figure 1. Soluble O N P G assa}' showing P-galactosidasc activit\ in control and 
treated third instar lar\'ae of transgenic D. nidanogastvr {j}sp70-lacZ)V>g'. 
Cjroup F: leachates from flashlight batter) factor) waste; group P: leachates 
from pigment plant waste and group T: leachates from tanner}' waste, each 
prepared with neutral (N; pH 7.0), mildly acidic (M; pH 4.93), and highly acidic 
(H; pH 2.88) solvents. Data represents mean ± S.E. (n = 5). *p < 0.05 = 
significant vs. control: 4'p < 0.05 = significant decline vs. 4h. 
Note : Maximum P-galactosidase activity, was eMdcnt after 4h treatment and a 
regression in the activity after 24h treatment in groups F and T. 
Figure 2A. /// situ histochemical Pgalactosidase staining pattern in the tissues of 
third instar lan^ae of V>g' in control (a); temperature-shocked (b); 0.05"/() T H for 
48h (c), 2.0% FH for 4h (d), 24h (e) and 48h (f); 2.0"/. PH for 4h (g), 24h (h) and 
48h (i); 2.0% T H for 4h (j), 24h (k) and 48h (1). 
( j roup F: ieachate from flashlight batter\ factor} waste; group P: leachate from 
pigment plant waste and group T: leachate from tannery waste, leachate prepared 
with highh acidic (11; pM 2.88) solvent, bg = brain ganglia; sg = salivary gland; pv 
= proventriculus; mg = midgut; hg = hmdgut; Mt = Malpighian tubules. Bar 
represents 150)a,m. 
Note : Maximum Pgalactosidase activity was evident after 4h treatment and a 
regression in the activit\ after 24h treatment as revealed by blue staining in the 
tissues of the larvae exposed to FFl and Tf 1 groups. 
Figure 2B. hi situ histochemical P-galactosidase staining pattern in the 
tissues of third instar lar\'ae of Bo' in 26.8ppm Cr for 48h (a), 73.0ppm Cu 
for 48h (b) and 41.3ppm Pb for 48h (c). 
bg = brain ganglia; sg = salivary gland; pv = proventriculus; mg = midgut; hg 
= hindgut; Mt = Malpighian tubules. Bar represents 150|Im. 
Figure 3A 
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Figure 3. RT-PC'.R analysis of hsp70 mRNA in control, temperature-shocked 
and treated third instar larval tissues of V>g\ 
Figure |A(a)| represents agarose gel picture from one of the experiments. 18S 
rRNA |A(b)| was used as internal control. 
Group P: leachate from pigment plant waste and group T: leachate from tannery 
waste, each leachate prepared with highh' acidic (H; pH 2.88) solvent. 
Values in (B) represent mean densit\' ± S.H. of three independent experiments 
(n=3). Significance is ascribed as *p < 0.05. 4'p < 0.05 = significant decline vs. 
4h. TS- temperature-shocked. 
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Figure 4. Western blot showing native HspVO in control and treated i^^'''larvae 
(A). Values in (B) represents mean density ± S.E. of three independent 
experiments (n=3). 
Group P: leachate from pigment plant waste and group T: leachate from tannery 
waste, each leachate prepared with highly acidic (H; pH 2.88) solvent. 
TS=temperature-shocked 
N o t e : a time-dependent significant increase in the Hsp70 expression was 
obser\ed in PH group. Conversely, a decline in Hsp70 expression was observed 
in T H group after 24h. 
F igure 5. /// s/f/i whole organ immunohistochemistr\ in control and leachates 
exposed B '^^  larvae using Drosophila Hsp70 monoclonal antibody in control (a), 
temperature-shocked (b), 2.0% FH for 4h (c) and T H 4h (d). 
( j roup F: leachate from flashlight batten' factory- waste and group T: leachate 
from tannery waste, each prepared with highly acidic (H; pH 2.88) solvent. Bar 
represents 200|Im. 
N o t e : A strong HspTO expression was observed in the cells of the exposed 
larvae mimicking the reporter gene activity thus, confirming the transgenic 
observation. 
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Figure 6. ROS generation in midgut cells of normal and treated larvae of B£. 
Flow cytometric representation in control and PC 12-48h (a), FH 2.0% for 2-6h 
(b) and 12-48h (c); PH 2.0% for 2-6h (d) and 12-48h (e); TH 2.0% for 2-6h (f) 
and 12-48h (g); Cr 26.8ppm for 12-48h (h); Cu 73.0ppm 12-48h (i) and Pb 
41.3ppm 12-48h (j). 
Group F: leachate from flashlight battery factory waste; group P: leachate from 
pigment plant waste and group T: leachate from tannery waste, each prepared 
with highly acidic (H; pH 2.88) solvent. PC- positive control (5mM CuSO^). 
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Figure 7. ROS generation in midgut cells of normal and treated larvae of Bg^. 
Group F: leachates from flashlight batter\ factor\ waste; group P: leachates 
from pigment plant waste and group T: leachates from tanner\ waste, each 
prepared with neutral (N; pH 7.0), mildh acidic (M; pH 4.93) and highh acidic 
(H; pH 2.88) solvents. Data represents mean ± S.E. (n = 3). Significance is 
ascribed as *p < 0.05 vs. control. P O positive control (5miM (AISO,) . 
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Figure 8. CAI-ZII superoxide dismutase (Cu-Zn SOD) activity in control and 
treated iar\ae of Bjf. 
( i roup F: leachates from flashiigiit batter\ factor\ waste; group P: leachates from 
pigment plant waste and group T: leachates from tanner\ waste, each prepared 
with neutral (N; pH 7.0), mildh acidic (M; p H 4.93) and highh acidic (H; pH 
2.88) solvents. Data represented are mean ± S.H. (n = 3). Significance is ascribed 
as *p < 0.05 vs. control. P(% positive control (5miSI ( A I S O , ) . 
.'^ 
c <j^ <r o ^ 
Q§\" .olo x°K'.*?\^\^°^" °^\° 5' sO ^'S' 
'^^ ^^^V "^>" ^^  ^^^' <^^' ^ V 
Figure 9A 
^ 700000 " 
500000 • 
500000 • 
^ 400000 • 
.^ 300000 • 
u 
Q 200000 -
100000 -
0 1 
. Figure 9B 
T 
1  
"3 
1 
* 
A J3 
U 
* i 
• 
J3 
* 
1 
o 
* 
L H 
00 00 
X X 
0^ H 
Groups 
* 
I J3 
o 
s 
* 1 
• 
00 
o 
X 
H 
^ 
• 
J3 
X 
H 
* 
I 
Hi 
o 
X 
H 
N 
* 
^ 1 • 
00 
•>»• 
X 
H 
J 
Figure 9. RT-P(]R analysis of sod mRNA in control, positive control and 
leachates exposed third instar larvae of h£. 
Figure |A(a)| represents agarose gel picture from one of the experiments. 18S 
rRNA |A(b)| was used as internal control. 
Group P: leachates from pigment plant waste and group T: leachates from 
tanner}' waste, each prepared with highly acidic (H; pH 2.88) sohent. 
Values in (B) represent mean density ± S.H. of three independent experiments (n 
= 3). Significance is ascribed as *p < 0.05. PC- positive control (5mM (^uSO^). 
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Figure 10. (^atalase (CAT) activin- in control and treated lar\'ae of B/\ 
Cxroup F: leachates from flashlight battery factory waste; group P: leachates from 
pigment plant waste and group T: leachates from tanner\- waste, each prepared 
with neutral (N; pFl 7.0), mildly acidic (M; pH 4.9.3) and highly acidic (H; pH 
2.88) solvents. Data represented are mean ± S.E. (n = 3). Significance is ascribed 
as *p < 0.05 vs. control. PC- positive control (5mM CuSO^). 
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Figure 11. RT-PCR analysis of cal mRNA in control, positive control and 
treated lar\^al tissues of B^. 
Figure [A(a)| represents agarose gel picture from one of the experiments. 18S 
RNA |A(b)| was used as internal control. 
Group P: leachate from pigment plant waste and group T: leachate from 
tanner}' waste, each prepared with highh' acidic (H; pH 2.88) solvent. 
Values in (B) represent mean density ± S.E. (n=3). Significance is ascribed as 
*p < 0.05. PC- positive control (5mM CuSO j). 
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Figure 12B 
Control PM 2.0"/o PH 1.0"/o PH 2.0% Cu Cii Pb Pb 
ISJppm 73.0ppm 10.4ppni 41.3ppm 
Control 
Figure 12C 
Figure 12. MDz\ content in control and treated larvae of )^g'. 
Cxroup F: leachates from flashlight batter\ facton waste; group P: leachates 
from pigment plant waste and group T: leachates from tannery waste, each 
prepared with neutral (N; pH 7.0), mildl}- acidic (M; pH 4.93) and highh' acidic 
(H; p H 2.88) solvents. Data represented are mean ± S.H. (n = 3). Significance 
is ascribed as *p < 0.05 \'s. control. P(>- positive control (5mM CuSO^). 
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Figure 13. Total protein content in control and leachates treated lar\^ae of Bjf. 
(jroup F: leachates from flashlight batten' factor}- waste and group T: leachates 
from tanner\ waste, each prepared with neutral (K; pH 7.0), mildl\ acidic (M; 
pH 4.93) and highh acidic (H; pll 2.88) solvents. Values are mean ± S.E. (n = 
3). Significance is ascribed as *p < 0.05 \'s. control. 
Figure 14. Tnpan blue staining pattern in the tissues of third instar larvae of 
B/ in control'(a), FH 1.0% after 24h (b) and FH 2.0% group after 48h (c); 
PH 2.0% after 48h (d); TH 1.0% after 24h (e) and TH 2.0"/. after 48h (f). 
Cjroup F: leachate from flashlight batter}' factor}- waste; group P: leachate 
from pigment plant waste and group T: leachate from tanner\' waste, each 
prepared with highly acidic (H; pH 2.88) solvent, sg = salivar)' gland; pv = 
proventriculus; mg = mid gut; hg = hind gut; Mt = Malpighian tubules. Bar 
represents 200|lm. 
Note: Concomitant with a regression in Hsp70 expression and increased 
ROS generation, dssue damage was evident in the larvae exposed to groups F 
and T leachates at higher two concentradons (l.O'/d and 2.0y()) after 24 and 
48h as revealed by a moderate to dark blue staining pattern. 
h^ 
r-
rCiv 
i-^S* 
^W 
10« 10' 
FLl-Height 
102 ia> 10* 10" 10' 102 10" W 
FLl-Height l o " 10^ 10^ 10^ 10'' 
o . 
o -
O r 
& 
s 
r-^ ' 
FLl-Height 
•k 
" 
f ' 
, • , " 
1 
-^'V- . 
' ' % - • 
,-^jQ^/ ' 
)* rew^^ • 
r'^^i 
' i ^ ' ^ " 
' • •^^ 
• ^ i ' 
FLl-Height FLl-Height 
10^ 10 10' 10-
FLl-Height 
10" FLl-Height 
10' 102 10^  
FLl-Height 
^N S 
o-
0 - : 
k 
1 
\^  
' 4 • 
f' 
' $ • • 
10' 102 103 
FLl-Height 
10" 10^ 10 2 10^ 
FLl-Height 
10" FLl-Height 
Figure 15. Mitochondrial transmembrane potentials (A^m) in midgut cells of 
normal and treated larvae of. 
Flow cytometric representation in control (a), positive control 48h (b), FH 
2.0% for 6h (c), 24h (d) and 48h (e); PH 2.0% for 24h (£) and 48h (g); TH 
2.0% for 24 (h) and 48h (i); Cr 26.8ppm for 48h (j); Cu Tl.Oppm for 48h (k) 
and Pb 41.3ppm (1). Group F: leachate from flashlight battery factory waste; 
group P: leachate from pigment plant waste and group T: leachate from 
tannery waste, each prepared with highly acidic (H; pH 2.88) solvent. Positive 
control- 5mM CuSO.. 
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Figure 16. Mitochondria transmembrane potentials (A4^m) in midgut cells of 
normal and treated lar\'ac of B((\ 
Cjroup F: leachates from flashlight batter\ factory waste; group P: leachates 
from pigment plant waste and group T: leachates from tannen waste, each 
prepared with neutral (N; pH 7.0), mildly acidic (M; pH 4.93), and highh acidic 
(11; pH 2.88) solvents. Values are mean ± S.E. of three identical experiments (n 
= .3) and significance is ascribed as *p < 0.05 vs. control. P(l!- posidve control 
(5mM CuSOJ . 
Figure 17A 
r^ 
s 
u 
u 
u 
> 
'S 
0 
a 
u 
Z 
S? 
80 1 
70 • 
< > ( ) • 
5 0 -
40 • 
30 • 
2 0 -
10 • 
0 -
Figxirc 
I6h I12h I48h 
* * 
* 
..A 
* H^ I 
I 
Groups 
^ 
Figure 17. Percent TUN EL positive cells in midgut tissues of third instar £»^ ^ 
lar\'ae. 
Group F: leachate from flashlight battery factory waste; group P: leachate from 
pigment plant waste and group T: leachate from tanner\' waste, each prepared 
with highly acidic (H; pH 2.88) solvent. 
Photographs were taken under light microscope with 40X magnification. Data 
represent mean ± S.E. (n = 3). Significance is ascribed as *p < 0.05 vs. control. 
PC - positive control (5mM CuSO^. Arrow indicates the nucleus. 
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Figure 18. Effects of leachates on Grim, Hid and Rpr expression in midgut 
cells of JB^ larvae. 
Flow cytometric representation in control (a, e and i), FH 2.0% for 48h (b, f 
and j); PH 2.0% for 48h (c, g and k) and TH 2.0% for 48h (d, g and 1) for 
Grim, Hid and Rpr, respectively. 
Group F: leachate from flashlight battery factory waste; group P: leachate 
from pigment plant waste and group T: leachate from tannery waste, each 
prepared with highly acidic (H; pH 2.88) solvent. . 
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Figure 19. Percent cells expressing CTrim, Hid and Rpr in midgut cells of B£^ 
larvae. 
Cjroup F: leachate from flashlight batter}- factory waste; group P: leachate 
from pigment plant waste and group T: leachate from tanner)- waste, each 
prepared with highly acidic (H; pM 2.88) solvent. 
Data represents mean ± S.E. (n = 3). Significance is ascribed as *p < 0.05 vs. 
control. PC - positive control (5mM CuSO^). 
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Figure 20. Phosphatidyl serine (PS) externalization of membrane in midgut cells 
of normal and treated larvae of. 
Flow cytometric representation in control (a), positive control (b), FH 2 0% for 
4h (c), 24h (d) and 48h (e); PH 2.0% for 48h (f), TH 2.0% for 4h (g), 24h (h) and 
48h (1); Cr 26.8ppm for 48h (j); Cu 73.0ppm (k) and Pb 41.3ppm (1). 
Group F: leachate from flashlight battery factory waste; group P: leachate from 
pigment plant waste and group T: leachate from tannery waste, each prepared 
with highly acidic (H; pH 2.88) solvent. 
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Figure 21. Percent apoptotic cells in control and treated groups of B^ larvae. 
EA- early apoptotic and LA- late apoptotic. Group F: leachates from 
flashlight battery factory waste; group P: leachates from pigment plant waste 
and group T: leachates from tannery waste, each prepared with neutral (N; 
pH 7.0), mildly acidic (M; pH 4.93) and highly acidic (H; pH 2.88) solvents. 
Data represents mean ± S.E. (n = 3). Significance is ascribed as *p < 0.05 vs. 
control. PC- positive control (5mM CuSO^). 
Control 
Figure 22A 
FN 1.0% FN 2.0% FM 2.0% 
Groups 
0.7 
6 0.6 
I12h I24h I48h 
Control PM2.0% PH2.0% Cr26.8ppm Cu73.0ppm Pb41.3ppm PC 
Figure 22B Groups 
Control TNI .0% TN 2.0% TM 2.0% TH 0.5% TH 1.0% TH 2.0% 
Figure 22C Groups 
Figure 22. (>aspase-9 activity in control and treated third instar lar\'ae of %'. 
Group F: leachates from flashlight batter\ factor) waste; group P: leachates 
from pigment plant waste and group T: leachates from tannery waste, each 
prepared with neutral (N; pll 7.0), mildh acidic (M; pf J 4.93) and highh acidic 
(fl;p[l 2.88) solvents. 
Data represents mean ± S.E. (n = 3). Significance is ascribed as *p < 0.05 vs. 
control. 
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Figure 23. (^aspasc-3 activin in control and treated third instar iarxae of Bg\ 
Cjroup F: leachates from flashlight battery factor} waste; group P: leachates 
from pigment plant waste and group T: leachates from tannen' waste, each 
prepared with neutral (N; pH 7.0), mildly acidic (M; pH 4.93) and highl\- acidic 
(H; p H 2.88) solvents. Data represents mean ± S.E. (n = 3). Significance is 
ascribed as *p < 0.05 vs. control. 
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Figure 24. Percent cells expressing Drice in midgut cells of Bf lanae. 
Figure A depicts flow cvtometric representations in control (a) and FH 2.0% 
after 48h (b), PH 2.0% after 48h (c) and TH 2.0% after 48h (d). 
Cjroup F: leachate from flashlight battery factor}' waste; group P: leachate 
from pigment plant waste and group T: leachates from tanner)' waste, each 
prepared with highly acidic (H; pH 2.88) solvent. Data represents mean ± 
S.E. (n = 3). Significance is ascribed as *p < 0.05 vs. control. 
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Figure 25. Electron photomicrograph showing ultra structure of gut tissues of 
hg9 larvae in control (a-d) and in FH and TH 2.0% leachate treated lar\^ae (e-
h). Note the healthy and intact mitochondria (a-c), intact nucleus (d), microvilli 
and organized filamentous bodies (a-b) in control group. In treated group, 
broken microvilli (e), disorganized ER and higher number of vacuoles (f-h), 
damaged mitochondria (e and h), lesser ribosomes (e-h), condensed nucleus 
and chromatin was observed with nucleolus being absent (g) or peripheralh' 
located (f). 
N = nucleus; Nu = nucleolus; M = mitochondria; CC = condensed chromatin, 
MV = microvilli; V= vacuoles; RER = rough endoplasmic reticulum; b and c 
= magnified view of a; h= magnified view of f. 
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Figure 26. Schematic diagram of a model showing proposed mechanism of 
toxicit}' of industrial solid waste leachates in D. melatwgaster. 
The model shows that ROS generated b}' leachates in the organism is one of the 
key modulators of Hsp70 expression, oxidative stress enzymes and apoptosis. 
Hsp70 expression plays cytoprotecdve role at lower ROS level but regression of 
the former may lead to cellular damage. 
NCPs = Non-conventional pollutants; XOC- Xenobiotic organic compounds; 
A ^ ^ = Mitochondrial trans-membrane potentials. 
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CHAPTER 2 
Effects of complex chemical mixtures on development and 
reproduction in Drosophila 
5. Introduction 
The focus of this chapter is to address the possible adverse effects of 
complex chemical mixtures, i.e. industrial solid waste leachates on development 
and reproduction of the exposed organisms. A possible linkage between sub-
organismal and organismal response has also been addressed. An effort was made 
to investigate the role of acplOA and acp36DE expression on reproduction under 
environmental exposure conditions. The study was further extended to examine 
the effect of leachates on survivorship of the exposed organisms. 
5.1. Results 
The final pH of the Drosophila food mixed with the mildly and highly acidic 
leachates prepared from three industrial solid waste leachates was found to be 
between 6.0-6.7. During the course of study, no clear signs of toxicity were 
observed in any of the exposed groups. A major exception was that organisms 
exposed to 1.0 and 2.0% FH and 2.0% TH leachates exhibited 100% mortality at 
larval stage. Hence, no data are presented for these groups for emergence and 
reproduction. However, data inferred from survivorship were given because these 
concentrations were not lethal to the flies. The physico-chemical parameters and 
metal contents in leachates were similar as discussed in Chapter 1 with 
insignificant variations (data not shown). 
Vehicular control (VC) and soil control leachates did not evoke significant 
alteration in any of the end points measured compared to control. Hence, only 
control was included for comparison at all the data points. 
5.1.1. Effect on hatchability of eggs 
To examine whether complex chemical mixmre i.e. leachates can affect the 
hatchability of eggs of the fly, non-hatched eggs were counted from control and 
treated groups to find out the effect of leachates on early embr^'onic 
development. No significant effect on hatchability of eggs was observed in any of 
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the treated groups even at the highest concentration (data not shown). 
5.1.2. Emetgence pattern of flies 
To examine, whether the different industrial solid waste leachates have any 
effect on the development of Drosophila, the emergence of the flies was studied 
(Figs. 1-3). An insignificant (p > 0.05) delay in the mean emergence of flies was 
observed in the lower concentrations (0.05 and 0.1%) of groups F and T in 
comparison to control. Rest of the groups showed a concentration-dependent 
significant (p < 0.05) delay in mean emergence of flies. The delay in the mean 
emergence of flies was found to be the highest in organisms exposed to the 
leachates prepared in highly acidic solvent and the least with the leachates 
prepared in neutral solvent. For example, at 0.5% dietary concentration, an 
insignificant (p > 0.05) delay in mean emergence with an insignificant failure in 
emergence probability in FN group was observed. Conversely, at this same 
concentration, a significant (p < 0.05) delay in mean emergence with significant (p 
< 0.05) failure in emergence probability was observed in FH group (Fig. lA and 
B). A similar trend was observed in the flies exposed to the leachates of tannery 
waste (TN, TM and TH) (Fig. 3A and B). A significant (p < 0.05) delay in mean 
emergence was evident in the organisms exposed to PM and PH leachates only at 
its highest concentration (2.0%) (Fig. 2A and B). However, the total number of 
flies emerged from PM and PH treated groups were comparable with that of 
control. 
5.1.3. Mean egg laying, teproductive performance, fecundity and fertility 
Tables 1-3 show the effect of leachates on reproduction of the exposed 
organisms. An insignificant reduction (p > 0.05) in mean egg laying and 
reproductive performance was observed in PN groups in comparison to control. 
A concentration- and pH-dependent affect was observed in the larvae exposed to 
groups F and T leachates. A significant (p < 0.05) reduction in mean egg laying 
and reproductive performance was observed in FN, TN, FM, TM (0.5-2.0% 
leachate); FH (0.5%) and TH (0.5 and 1.0% leachates) groups. PM and PH 
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groups only at 2.0% dietary concentration showed such effect. A comparison was 
also made to explore the effect of leachates on individual gender. The effect was 
found to be more pronounced on male flies as compared to their opposite 
gender. A similar trend in reduction in fecundity and fertility in the exposed 
organisms was observed in above groups (Tables 1-3). 
5.1.4. Expression of hsp70 in reproductive organs of adult flies 
To examine whether the effect of leachates at organismal level (emergence 
and reproduction) in the exposed flies is anyway related to sub-orgamsmal 
protective responses, hsp70 expression was carried out in reproductive organs of 
exposed organisms. 
5.1.4.1. In situ histochemical P-galactosidase activity 
Figure 4(a-h) shows the P-galactosidase activity in the reproductive tissues 
of adult male and female flies in control and treated groups. In control group, a 
pale blue staining was observed in a subset of late spermatogonia! cells of testes in 
50% of exposed male (Fig. 4a), while in the rest, no staining was observed (Fig. 
4b). p-galactosidase activity in FN, TN, FM, TM, FH and TH (0.05 and 0.1% 
leachates) groups were comparable to that observed in control (Figs, not shown). 
At higher concentrations of the leachates of groups F and T (0.5-2.0% of FN, 
TN, FM and TM; 0.5% of FH and 0.5 and 1.0% of TH), a concentration- and 
pH-dependent increase in P-galactosidase activity was observed in the testes lobes 
of the exposed organisms (Figs, for FN, TN, FM and TM not shown). At the 
highest concentration (2.0%) of PM and PH groups, the testes lobes of the 
exposed organism exhibited a mild blue staining (Fig. for PM group not shown) 
(Fig. 4e). Interestingly, P-galactosidase activity was restricted only within the 
testes lobes of male reproductive organs and no activity was observed in seminal 
vesicle, vas deferens and male accessory glands (Fig. 4d-f for 0.5% FH, 2.0% PH 
and 1.0% TH, respectively). An overall higher P-galactosidase activity was 
observed throughout the testes of male flies following temperature-shock (Fig. 
4c). Reproductive organs of female flies of control, temperature shocked 
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(Fig. 4g and h) and treated groups did not exhibit any p-galactosidase activity 
(Figs, not shown). 
5.1.4.2. In situ whole organ immunohistochemistry 
Figure 5(a-h) shows the immunostaining of the reproductive organs of 
adult flies with Hsp70 specific 7Fb monoclonal andbody in control, temperature-
shocked and treated groups. The immunostaining in the reproductive organs of 
exposed flies showing the native status of Hsp70 was comparable with p-
galactosidase staining, thus confirming the transgenic observations. 
5.1.4.3. Expression of hsp70mRNA 
To examine whether the Hsp70 expression in testes and lack of expression 
in accessory glands and ovaries is anyway related to hsp70 mRNA expression in 
the exposed Drosophila, endogenous hsp70 mRNA level was measured by RT-
PCR. Figure 6(A-B) shows the expression of hsp70 mRNA in control, 
temperature-shocked and leachates exposed organism at different dietar\' 
concentrations. The level of hspJO mRNA in the testes of the organisms exposed 
to 1.0% PH and 0.1% TH was comparable to that of control (Fig. 6B). A 
significant (p < 0.05) increase in the mRNA level (3.8 fold) was observed in the 
testes of the organism exposed to 2.0% leachates of PH group (Fig. 6B). A 
concentration-dependent significant (p < 0.05) increase in bsp70 mRNA 
expression was observed in the testes of the male flies exposed to TH group (Fig. 
6B). A similar pattern was observed in larvae exposed to FH group (Fig. not 
shown). Larvae exposed to 1.0% leachate of TH group exhibited 10 fold while 
temperature-shocked flies showed 13 fold increased hspJO expression in the 
testes. No detectable amount of hsp70 mRNA was observed in the accessor}' 
glands and ovaries of both temperature-shocked and leachates exposed organisms 
[Fig. 6A(c and e)]. 
5.1.5. Dye exclusion test in reproductive organs of adult flies 
Trypan blue staining was not evident in the testes, seminal vesicle, vas 
deferens and accessory glands of adult male flies fed normal food (Fig. 7a) 
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and food mixed with leachates of group P (PN, PM and PH) (Figs, not shown for 
PN and PM groups). In FN, TN, FM and TM (1.0 and 2.0% leachates), FH 
(0.5%) and TH (0.5 and 1.0%) exposed groups, male flies exhibited trypan blue 
staining only in their accessory glands and not in the other tissues (Fig. 7b and d 
for 0.5% FH and 1.0% TH groups, respectively). In the rest of the groups, no 
trypan blue positive dssues were evident in the exposed male flies. The intensity 
of blue staining was found to be concentration-dependent. In the female 
reproductive organs (ovary and oviduct) of adult flies, no trypan blue staining was 
observed in control and treated groups except in FH (0.5%) and TH (1.0%) 
groups, where a pale blue staining was observed (Fig. 7f for 1.0% TH group). 
5.1.6. Leachates induced cellular and sub cellular damage to the accessory 
glands 
The wall of the accessory glands consists of a prismatic single layer 
epithelium composed of two types of secretory cells (Bairad, 1968). The 
predominant type is hexagonal, binucleate 'main cells' comprise 96% of the 
secretory cells of the gland (Bertram et al., 1992). The remaining 4% of the 
secretory cells are the 'secondary cells' that are spherical, binucleate and contain 
large vacuoles (Bertram et al., 1992). Lack or delay in HspTO expression has been 
shown to be associated with tissue damage (Krebs and Feder, 1997a). Leachates 
exposed larvae exhibited trypan blue positive cells in their accessory glands 
paralleled with lack of Hsp70 expression. This led to explore the possibility of 
tissue damage. Figure 8(a-h) shows ultra thin tissue sections with representative 
characteristics from accessory glands of control and treated larvae. Cytoplasms of 
control cells contain numerous rough endoplasmic reticula (RER) and numerous 
Golgi cisternae with large number of vesicles (Fig. 8a-c). Numerous linearly 
arranged filamentous structures were also observed in the lumen of the gland 
(Fig. 8a and b). Spherical nuclei with patches of heterochromatin were observed 
(Fig. 8c). A notable nucleolus was present in the nucleus of the main cells that is 
typical characteristic of secretory cells (Fig. 8c). Epithelial layer of accessory 
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glands of the control group displayed well-arranged morphology (Fig. 8h). Larvae 
treated with 0.5% FH and 1.0% TH leachates showed number of morphological 
deviation as evident by paler and smaller nuclei with absence or peripheral 
nucleoli (Fig. 8f), extensive vacuolization of varying sizes and shapes in the 
cytoplasm (Fig. 8g)(Figs. for 0.5% FH group not shown). Appearance of vacuoles 
seems to be associated with the remains of swollen RER and mitochondria. The 
lumen of the glands showed lesser number of filamentous structure, which were 
irregular, loosely packed and disorganized (Fig. 8e-h). In addition to epithelial 
cellular damage (Fig. 8h), disorganized and lesser Golgi cisternae with ver\' few 
vesicles was also observed in the cells of accessory glands of these organisms (Fig. 
8e and g). 
5.1.7. Leachates down-regulates expression of acp70A and acp36DE 
Figure 9(A-C) shows acplOA and acp36DE expression in control and 
treated organisms. Control adult flies and those of groups PH treated with 1.0% 
leachates, and those of TH treated with 0.1% leachates exhibited a comparable 
level of acp70A and acp36DE mRNA. Organisms exposed to 2.0% PH and higher 
two concentrations (0.5 and 1.0%) of TH groups exhibited a significant decline (p 
< 0.05) in their acp70A and acp36DE mRNA levels (Fig.9A-C). A 2.4- and 2.3-
fold decline in acplOA and acp36DE mRNA levels was observed in the organisms 
exposed to 1.0% leachates of TH group, respectively (Figs. 9B and C). 
5.1.8. Leachates down regulate Acp70A expression 
To examine the status of sex peptide in the male flies following industrial 
soUd waste leachates exposure, AcpVOA expression was analyzed by 
flowcytometry. A significant down-regulation (p < 0.05) in AcpTOA expression 
was observed in the larvae of groups F, P and T in a concentration-dependant 
manner (Fig. lOA-B, showing the data of only FH, PH and TH groups only). 
5.1.9. AcpTOA cellular localization by immunoelectron microscopy 
Exploration of Acp70A expression and its localization was seen by 
immuno-electron microscopy (Fig. 11). Experiments conducting with monoclonal 
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antibody of Acp70A exhibited specific labeling and indicated the presence of 
Acp70A at various locations. No appreciable binding was seen in the case of 
labeling only with secondary antibody tagged with gold particles (Fig. not shown). 
In control, Acp70A staining was clearly seen throughout the cytoplasm and a little 
in nucleus of the main cells (58.0%) (Fig. l i b and d). Immonostaining was also 
quite prominent in intra filamentous bodies of lumen (42.0%) (Fig. 11 a and c) 
and was not detected in the intracellular locations (Fig. 11a). Comparison of 
immunolabeling between control and treated groups revealed that AcpTOA 
immuno-reactivity in the main cells and lumen of accessory glands of the treated 
organisms was significantly (p < 0.05) less in comparison to control (Fig. 12). The 
gold particles were counted to represent AcpTOA distribution in both cells and 
lumen, respectively. Total number of gold particles to represent AcpVOA 
distribution in main cells of control group was 435.0 ± 44.3 (n= 10), which was 
significantly more than that found in TH treated groups 172.3 ± 41.79 (n= 10) 
(Fig. 12). A similar trend was observed in the lumen of the glands. However, 
reduction in number of gold particles was more in lumen than in cytoplasm (Fig. 
lle-h). No deviation was observed in the localization of Acp70A in treated 
groups in comparison to control. 
5.1.10. Effect on survivorship of flies 
To investigate the effect of leachates on life span, the flies were exposed to 
different dietary concentrations of the leachates from day 1 of eclosion 
(emergence) (Figs. 13 and 14). A significant (p < 0.05) reduction in life span of 
the exposed flies as compared to control was observed in a concentration-
dependent manner in groups F and T with a maximum reduction in the flies 
exposed to highly acidic leachates (20.5, 26.6 and 28.8 days reduction in 
survivorship was observed in flies exposed to 2.0% leachates of FN, FM and FH 
groups, respectively) (Fig. 13). An insignificant (p > 0.05) change in mean 
survivorship was observed even at the highest concentration (2.0%) of group P 
leachates at all the three pHs (data not shown). 
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5.2. Discussion 
Leachates of the three industrial solid wastes used in the study were found 
to have profound adverse effects in D. melanogaster as revealed by induction of 
hsp70, overall effects on development and reproduction and decline in sex peptide 
and accessory gland protein. Highly acidic leachates were found to affect the 
development and reproduction of the exposed organisms more drastically as 
compared to the leachates prepared with neutral H2O or the mildly acidic solvent. 
The higher toxicity of the leachates at highly acidic leachates may be linked to 
high dissolution of metal ions, leading to higher bioavailability and mobilization 
of inorganic ions, which is evident from higher COD levels. 
Environmental factors have great influence on development and 
reproduction of animals (TurelH and Hoffmann, 1995; Jorgensen et al., 2006). A 
significant delay in the mean emergence of exposed adult flies was observed, 
indicating effect of the leachates on development of the organism. The delay in 
the emergence of flies may be due to genetic and/or environmental factors 
(Bonnier, 1960). Moreover, Luning (1966) opined that such a lengthening of the 
developmental period is an indication of somatic effects caused by test chemicals 
in the medium. Similar observation in sea urchins was made by Oakes et al. 
(2004) using extracts of pulp and paper mill wastes. They argued that heav)' 
metals present in the wastes affected the embryo-larval and adult life stages in the 
exposed organism through ROS generation. Thus, the ROS generating potential 
of leachates may have contributed to the lengthening of development period that 
are observed in this study can not be ruled out. While a delay in the emergence 
was inversely proportional to pH of the extracting solvent, the number of flies 
emerging from normal food and those from group P leachates mixed food did 
not show any significant deviation from each other. This may possibly indicate 
the non-lethal effects of these leachates. 
In the present study, expression of hsp70 was restricted only to the testes 
lobes of male flies. Adult Drosophila testes comprises all the stages of 
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Spermatogenesis displayed in a developmental gradient, with the earliest cells 
located at the apical end and the latest at the terminal end of the gonad (Gonczy 
et al., 1992). Hsp70 expressions at the terminal region of testes indicate that the 
64 haploid spermatide heads, along with the head cyst cells and specialized 
epithelial cells are the primary targets. Organism exposed to groups F and T 
leachates at higher concentrations was found to express Hsp70 even the 
spermatide tail, which extends almost to the apical end in the case of fully 
elongated spermaddes. It has been reported that Hsp70 induction by certain 
environmental chemicals is generally correlated with early cytotoxic/proteotoxic 
events and is a secondary consequence of damage that affect cellular integrity. As 
stated in chapter 1, leachates of the three industrial solid wastes contain a number 
of heavy metals. Heavy metals have been reported as inducers of HspTO and 
generator of ROS (Ait-Aissa et al., 2000; Schmid et al., 2007). Heavy metals have 
been shown to alter protein structure through an oxidative action (Ait-Aissa et al., 
2000). Therefore, proteotoxic action of metals as one of the reasons for acdvadon 
of hsp70 cannot be ruled out. In addition to the metals, leachates may also contain 
chemicals that are lipophilic in nature (Pent, 2004). A possibility remains that 
lipophilic chemicals easily cross the plasma membranes, alter vital cellular 
functions, denaturing proteins and triggering stress protein induction (Neuhaus-
Steinmetz and Rensing, 1997; Ait-Aissa et al., 2000). Exposure to a number of 
environmental chemicals triggers protective mechanisms in reproductive tissues 
that are mediated by heat shock proteins (Dix and Hong, 1998; Sorensen et al., 
2003). In this context, the ability of Hsp70 to protect testes lobes from damage 
was evident in the present study by normal sperm morphology, motility (data not 
shown) and absence of trypan blue staining in the testes. 
Trypan blue stained positively in the male accessory glands in the exposed 
organisms only at the higher concentrations, indicating tissue damage inflicted by 
the leachates. This was further confirmed by the ultrastructural observations of 
the glands. Similarly, ovarian tissues showed a faint trypan blue positive staining 
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at 2.0% FM and TM; 0.5% FH and 0.5-1.0% TH groups, indicating vulnerability 
of the tissues of exposed organisms against the leachates in these concentrations. 
Absence of hsplO expression in the male accessory gland and in the ovary of 
female fly was observed in the study. Ovary of freshly eclosed fly comprises 
oocytes and nurse cells in the late stages of oogenesis (King, 1985) and is known 
for non-induction of Hsps in response to heat shock (Zimmerman et al., 1983). 
Absence of hsp70 expression in the male accessory gland is intriguing and needs 
further investigation. A plausible explanation for the absence of Hsp70 in these 
organs may be presence of constitutively high level of Hsc70 (Palter et al, 1986) 
cannot be ruled out. 
The accessory glands is a secretory tissue of the adult Drosophila male 
serving as the main organ of the male genital apparatus responsible for producing 
and secreting the non-cellular portion of the sperm (Bairati, 1968). The main cells 
of accessory gland produce a characteristic set of proteins (sex peptide and Acps), 
beginning around the time of eclosion (Simmerl et al., 1995). The sex peptide and 
Acps are transmitted to the female along with sperm during mating and elicit 
multiple physiological and behavioural changes in post-mated females (Chapman 
and Davies, 2004). It has been opined that heat stress impaired accessory gland 
proteins and sex peptide in Drosophila (Kubli, 2003; Liu and Kubli, 2003; 
Joregensen et al., 2006). No report is available to demonstrate the status of sex 
peptide and accessory gland proteins against chemical stress. In the present study, 
a significant down-regulation of Acp70A and Acp36DE expression observed in 
male accessory glands of the organisms exposed to higher concentrations of 
leachates may either be due to inhibitory effect of the chemicals on their 
regulation or a consequence of damaging effect of chemicals on the cells 
producing them. Immuno-electron microscopy also showed a similar pattern. A 
significant reduction in fecundity and reproductive performance at higher 
concentrations of leachates in the present study may either be attributed to the 
extensive damage in both the cell types affecting the formation and secretion of 
125 
CHAPTER 2 
these molecules or inhibitory effects of the chemicals present in the leachates on 
the expression of these genes. In this context, it is pertinent to mention that 
leachates did not affect the male courtship or copulatory behaviour since normal 
mating was observed. Conversely, secondary cells of the gland, discharge granular 
filamentous bodies in its lumen and their role is (i) to sustain spermaozoan 
activity while these linger inside the female genital canal and (ii) to activate and 
support the process whereby the spermatozoa penetrate the ovum (Bairati, 1968). 
Therefore, lesser number of filamentous bodies present in the lumen may be due 
to the extensive damage to the secondary cells that are required in the formation 
and secretion of these molecules. Previous studies showed that increased number 
and volume of Golgi vesicles signifies acidification of Golgi compartments 
(Zhang et a., 1993) which may be linked to aggregation of the subunits of the 
filamentous structures. The reduction in the number of Golgi vesicles signifies a 
deviation from the original pH and hence may disturb the aggregation and 
packaging process of the filamentous processes in the treated groups. 
Interestingly, organisms exposed to leachates elicited gender-selective 
effect with male flies found more sensitive than females. Earlier, Mukhopadhyay 
et al., (2003b, 2006) reported gender selective adverse effects, wherein male 
Drosophila was found to be more vulnerable to effluent of chrome plating industry 
and cypermethrin. Recentiy, it has been shown that induction of chromosomal 
aberrations and gene mutations were found to more in rodent male germ cells 
from exposed population in comparision to female germ cells (Alder et al., 2007). 
Jorgensen et al., (2006) reported that temperature stress selectively decreased 
reproductive performance of male D. bu^atii. In another study, Medina et al., 
(2002) reported a similar type of observation in marine copepod using pyrethroid 
group of chemicals. The group argued that differences in tolerance between sexes 
could be explained by greater body size and/or the insecticide depuration rates of 
females. Therefore, females being bigger in size compared to males should have a 
higher chemicals burden threshold cannot be ruled out in the present study. 
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Leachates not only affect the development or reproduction but also 
survivorship of the exposed organisms. A significant effect on the survivorships 
of the exposed organisms was observed in present study. The effect was found to 
be more pronounced with a decrease in the pH of the extracting solvents. A 
significant effect on fecundity, fertility and reproductive performance was 
observed prior to significant effect on the mean survivorships. A pertinent 
question is whether reproduction is affected by reversible/ non lethal chemical 
stress. One possible explanation is that reproductive process might be affected in 
less severe conditions than in those affecting survival. Earlier, it has been shown 
that estimation of stress resistance based on survival and effects on reproduction 
may not always be correlated (Hoffmann et al., 2003; Fasolo and Krebs, 2004). 
The insignificant effect of survivorships and significant effect on reproduction in 
the group P leachates may be correlated with an earlier study by Turelli and 
Hoffmann (1995) who opined that even reversible damage may have a huge 
impact on the individual reproductive success. 
In the present study, leachates at the higher concentrations were found to 
exhibit an adverse effect on development and reproduction. In chapter 1, it has 
been shown that leachates elicit alterations at sub-organismal level at 
concentrations as low as 0.1%. Such an observation indicates the propagation of 
sub-organismal responses towards the organismal responses is in agreement with 
the outcome of a previous study (Duquesne, 2006). Therefore, it is tempting to 
speculate about the advantage of the model for its ability to assess biological 
impact both at sub-organismal and organismal level. 
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Table 1. Effect of flashlight battery industrial solid waste leachates on 
reproduction in B^ flies. 
Groups 
Control 
F N 0 . 1 % T $ x T c J 
FM 0.1% T 9 X Td' 
F H C r / o T ^ x T d " 
FN 0.5% T 9 X Nc? 
F N 0 . 5 % N 9 X T ( 5 ' 
FN 0.5% T ? X Tc?' 
F M 0 . 5 % T $ x N c T 
FM 0.5% N $ X Td' 
F M 0 . 5 % T $ x T ( ^ 
FH 0.5% T $ X Nc^ 
FH 0.5% N ? X Td' 
FH 0.5% T $ X 7(5^ 
FN 1.0% T $ X Nd' 
F N 1 . 0 % N $ x T ( J 
FN 1.0% T $ X Td" 
F M 1 . 0 % T $ x N ( ^ 
F M 1 . 0 % N $ x T d ' 
FM 1.0% T ? x T(5' 
F H 1 . 0 % T $ x T c ^ 
FN 2.0% T 9 X NcT 
F N 2 . 0 % N $ x T c ? 
FN2 .0%T$xT(5 ' 
FM 2.0% T $ X Nd' 
F M 2 . 0 % N $ x T d 
FM 2.0% T 9 X Tc^ 
FH 2.0% T ? X Td' 
Fecundity 
2035 
1985 
1967 
1945 
1948 
1910 
1810 
1920 
1880 
1767 
1840 
1687 
1576 
1899 
1660 
1532 
1865 
1615 
1493 
LC 
1862 
1480 
1339 
1825 
1356 
1258 
LC 
Mean egg laying/ 
female/lOdays 
203.5 ± 6.18 
198.5 ± 7.60 
196.7 ± 7.49 
194.5 ± 6.68 
194.8 ±5.18 
191.0 ±8.76 
181.0 ±5.50* 
192.0 ± 7.49 
188.0 ±6.40* 
176.7 ± 5.48* 
184.0 ±5.22* 
168.7 ± 5.32* 
157.6 ± 6.83* 
189.9 ± 5.72* 
166.0 ± 8.58* 
153.2 ± 7.47* 
186.5 ±3.71* 
161.5 ±7.35* 
149.3 ± 7.36* 
LC 
186.2 ±6.02* 
148.0 ± 6.57* 
133.9 ± 6.33* 
182.5 ± 4.63* 
135.6 ± 4.30* 
125.8 ± 7.29* 
LC 
Fertility (%) 
94.35 
96.77 
96.14 
94.44 
89.68 
77.95 
62.04 
89.43 
77.18 
60.67 
77.28 
64.12 
58.88 
87.36 
72.41 
54.18 
85.31 
72.13 
51.71 
LC 
83.83 
65.13 
52.05 
80.49 
63.49 
48.57 
LC 
Reproductive 
performance 
192.00 ± 6.29 
192.10 ± 4.88 
189.1 ± 5.67 
183.7 ± 7.08 
174.7 ± 4.74 
148.9 ± 5.35* 
112.3 ±5.20* 
171.7 ±6.62 
145.1 ± 6.96* 
107.2 ± 5.42* 
142.2 ± 4.42* 
107.8 ± 5.26* 
92.8 ± 5.77* 
165.9 ± 6.04* 
120.2 ± 8.08* 
83.0 ±5.15* 
159.1 ±7.81* 
116.5 ±6.95* 
77.2 ± 6.22* 
LC 
156.1 ±6 .11 ' 
96.4 ± 7.55* 
69.7 ± 4.59* 
146.9 ± 6.09* 
86.1 ±7.15* 
61.1 ± 5.43* 
LC 
Values are mean ± S.E. (n=10); p < 0.05 vs. control: LC-lethal concentration; $-
female; c^-male; N-normal; T-treated; FN: prepared in neutral solvent (pH 7.00); 
FM: prepared in mildly acidic solvent (pH 4.93); FH: prepared in highly acidic 
solvent (pH 2.88). 
Table 2. Effect of pigment industrial solid waste leachates on reproduction 
in B^ flies. 
Groups Fecundity Mean egg laying/ 
female/lOdays 
Fertility (%) Reproductive 
performance 
Control 
P N 2 . 0 % T $ x T ( 5 ' 
PM 1.0% T $ X Nd" 
PM 1.0% N $ X Tc^ 
P M 1 . 0 % T $ X T 6 ' 
P H 1.0% T $ X Nd' 
P H 1 . 0 % N $ X T 6 ' 
P H 1.0% T $ X Td" 
P M 2 . 0 % T $ x N ( ^ 
PM 2.0% N ? X Td" 
PM 2.0% T $ X Td' 
P H 2 . 0 % T $ x N d ' 
P H 2.0% N ? X Td' 
P H 2.0% T $ X Td" 
2035 
2025 
1998 
1994 
1972 
2025 
2030 
1982 
2029 
1837 
1809 
1993 
1818 
1764 
203.5 ± 6.18 
202.5 ± 6.04 
199.8 ± 8.01 
199.4 ±8.84 
197.2 ±5.16 
202.5 ± 8.93 
203.0 ± 7.24 
198.2 ± 8.10 
202.9 ± 9.76 
183.7 ± 5.48* 
180.9 ±5.33* 
199.3 ± 6.25 
181.8 ±6.45* 
176.4± 3.40* 
94.35 
95.85 
94.04 
93.63 
93.81 
95.11 
93.15 
91.88 
93.76 
85.03 
82.59 
90.42 
86.25 
80.27 
192.0 ±6.28 
194.1 ± 9.06 
187.9 ± 11.0 
185.7 ±7.14 
185.0 ±6.06 
192.6 ±8.14 
189.1 ± 6.67 
182.1 ±7.84 
190.2 ±9.82 
156.2 ±4.65* 
149.7 ± 4.60* 
180.2 ±7.64 
156.5 ± 6.20* 
141.6 ±7.32* 
Values are mean ± S.E. (n=10); p <0.05 vs. control: $ - female; (5^-male; N- normal; 
T-treated. PN: prepared in neutral solvent (pH 7.00); PM: prepared in mildly acidic 
solvent (pH 4.93); PH: prepared in highly acidic solvent (pH 2.88). 
Table 3. Effect of tannery industrial solid waste leachates on 
reproduct ion in B^ flies. 
Groups Fecundity Mean egg laying/ Fertility 
female/lOdays 
Reproductive 
performance 
Control 
TNO.lVoT^xTd' 
TMO.l ' /oT^xTd' 
TH 0.1% T $ X Tc?' 
T N 0 . 5 % T $ x N ( ^ 
TN 0.5% N $ X Td' 
T N 0 . 5 % T $ x T ( ^ 
TM 0.5% T $ X N^' 
TM0.5%N$xT(5 ' 
TM 0.5% T 9 X TcT 
T H 0 . 5 % T $ x N ( J 
TH 0.5% N $ X T(^ 
TH 0.5% T ? X Tc '^ 
T N 1 . 0 % T $ x N 6 ' 
TN1.0%N$xTc? 
TN 1.0% T $ X Td' 
TM 1.0% T ? X Nc? 
T M 1 . 0 % N $ X T 6 ' 
TM1.0%T9xT(J 
T H 1 . 0 % T $ X N 6 ' 
TH 1.0% N ? X Td" 
TH 1.0% T $ X Tc '^ 
TN 2.0% T $ X N(^ 
T N 2 . 0 % N $ x T d ' 
TN 2.0% T $ X Tc? 
T M 2 . 0 % T $ X N 6 ' 
TM 2.0% N $ X T(T 
TM2.0%T$xT(5 ' 
TH 2.0% T $ X Tc5' 
2035 
2012 
1923 
1990 
1930 
1850 
1778 
1909 
1743 
1610 
1820 
1691 
1556 
1911 
1652 
1487 
1811 
1602 
1395 
1785 
1573 
1388 
1812 
1481 
1303 
1788 
1352 
1192 
LC 
203.5 ± 6. 18 
201.2 ±6.05 
192.3 ± 6.31 
199.0 ± 5.45 
193.0 ± 6.72 
185.0 ±7.81 
177.8 ± 6.65* 
190.9 ± 9.09 
174.3 ± 8.83' 
161.0 ±7.59* 
182.0 ±5.97 
169.1 ±4.56* 
155.6 ± 5.25* 
191.1 ± 10.26 
165.2 ±9.81* 
148.7 ± 6.47* 
181.1 ±4.60* 
160.2 ±7.27* 
139.5 ± 6.76* 
178.5 ± 7.34* 
157.3 ±3.71* 
138.8 ± 4.41* 
181.2 ± 10.54* 
148.1 ± 5.76* 
130.3 ± 4.12* 
178.8 ± 4.68* 
135.2 ±6.49* 
119.2 ±4.37* 
LC 
94.35 
92.25 
95.52 
93.27 
89.79 
77.40 
61.97 
88.48 
76.42 
60.87 
76.68 
62.56 
60.60 
85.45 
72.58 
53.06 
78.63 
71.47 
48.82 
70.03 
57.53 
46.83 
82.4 
66.31 
52.42 
75.73 
59.68 
48.48 
LC 
192.0 ± 6.28 
185.6 ±7.37 
183.7 ± 6.79 
185.6 ±6.13 
173.3 ± 10.31 
143.2 ± 9.27* 
110.2 ±5.89* 
168.9 ± 8.52* 
133.2 ± 9.27* 
98.0 ±6.17* 
143.2 ± 7.70* 
105.8 ± 5.26* 
94.3 ±5.18* 
163.3 ± 6.33* 
119.9 ±5.45* 
78.9 ± 4.62* 
142.4 ± 8.05* 
114.5 ±6.34* 
68.1 ± 6.64* 
125.0 ±6.20* 
90.5 ±6.21* 
65.0 ± 5.23* 
150.1 ±4.12* 
98.2 ± 8.06* 
68.3 ± 4.19* 
135.4 ± 7.45* 
80.7 ± 6.51* 
57.8 ± 5.05* 
LC 
Values are mean ± S.E. (n=10); p <0.05 versus control: LC- lethal concentration; 
9" female; (5^-male; N- normal; T-treated. TN: prepared in neutral solvent (pH 7.00); 
TM: prepared in mildly acidic solvent (pH 4.93); TH: prepared in highly acidic 
solvent (pH 2.88). 
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• FN 0.1% -A— FN 0.5% 
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• FH 0.1% —•— FH 0.5% 
•FN 1.0% 
•FMI.0% 
Figure 1. Mean emergence (days) of transgenic D. wt/ai/oj^as/fr {ljsp70-lacZ)B^ 
in control and organisms treated with different concentradon of leachates (A) 
from flashlight battery factor) waste (Ciroup F). 
Figure (B) represents failure in emergence probability in control and treated 
organisms. 
Leachates were prepared in neutral (N; pH 7.00), mildly acidic (M; pH 4.93) 
and highly acidic (H; pH 2.88) solvents. Significance is ascribed as *p < 0.05. 
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Figure 2. Mean emergence (da\s) of % ' flies in control and organisms 
treated witii different concentration of leachates (A) from pigment plant 
waste (Ciroup P). 
Figure (B) represents failure in emergence probabilit} in control and treated 
organisms. 
Leachates were prepared in neutral (N; pH 7.00), mildly acidic (M; pH 4.93) 
and highl\- acidic (H; pH 2.88) solvents. Significance is ascribed as *p < 0.05. 
Figure 3B 
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Figure 3. Mean emergence (days) of Bg^ flies in control and organisms 
treated with different concentration of leachates (A) from a tanner)' waste 
(Ciroup T). 
Figure (B) represents failure in emergence probability in control and treated 
organisms. 
Leachates were prepared in neutral (N; pH 7.00), mildh acidic (M; pM 4.93) 
and highly acidic (H; pf 1 2.88) solvents. Significance is ascribed as *p < 0.05. 
Figure 4. /// situ P-galactosidase staining in adult male (a-f) and female (g 
and h) reproductive organs of Z^ '^'flies. 
Control (a, b and g); temperature-shocked (c and h); FH 0.5% (d); PH 2.0% 
(e);TH1.0%(f). 
d- testis lobe; ar- apical region; tr- terminal region; ag- accessor}' gland; ol-
ovariole. Bar =200[jim 
Figure 5. Immunohistochemistn' using Hsp70 monoclonal antibody in 
adult male (a-f) and female (g-h) reproductive organs of Bjf following 
treatment with industrial solid waste leachates. 
Control (a, b and g); temperature-shocked (c and h); FH 0.5° o (d); PII 2.0% 
(e); Ti l 1.0% (f). 
tl- testes lobe; ar- apical region; tr- terminal region; ag- accessor)' gland; ol-
ovariole. Bar = 200|jim 
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1 
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Groups 
Figure 6. RT-PCR analysis of /.>sp70 rtiRNA in testes, accessoty glands and 
ovaty of control, temperature-shocked and treated adult B£ flies. 
Figure (A) represents agarose gel picture from one of the experiments in testes 
(a), accessor}' ^ands (c) and ovan' (e) . 18S rRNA was used as internal control 
(b, testes; d, accessor}- glands; e, ovary). 
Group P: leachate from pigment plant w aste and group T: leachate from tanner}-
waste, each leachate prepared with highly acidic (II; p l l 2.88) solvent. 
Values in (B) represents mean densitx' ± S.E. of three independent experiments 
(n=3). Significance is ascribed as *p < 0.05. TS- temperature-shocked. 
Note: k^70 mRNA expression was similar to that obser\-ed for Hsp70 protein 
expression. 
Figure 7. Tnpan blue staining pattern in adult male (a-d) and female (e-f) 
reproductive organs of Bf flies following treatment with industrial solid 
waste leachates. 
Control (a and e); FH 0.5° o (b); PH 2.0" o (c) and Ti l 1.0« o (d and f). 
tl- testes lobe; ar- apical region; tr- terminal region; ag-accessorj- gland; ol-
ovariole. Bar = 200fxm. 
Note: the absence of staining in testis lobes and blue staining in accessor)-
glands. 
Figure 8. Electron photomicrograph showing ultra structure of accessor)' gland 
tissues of adult B^^flies in control (a-d) and in T i l 1.0° o leachate treated larvae 
(e-h). Note the healthy and intact Golgi bodies, intact nucleus (c), rough 
endoplasmic reticulum (a and c), lumen filled with granular and filamentous 
bodies (a and b), epidermal tissues are intact (d) in control group. In treated 
group, disorganized RER and higher number of vacuoles (e and g), damaged 
epidermal tissue fibres (h), lesser ribosomes (e-g), condensed nucleus with 
pheripherilly located or absent of nucleolus (f). 
N = nucleus; Nu = Nucleolus; L= lumen; F = filamentous structure; ET = 
epidermal tissues; G = Golgi bodies; GB = granular bodies; V= vacuoles; RER 
= rough endoplasmic reticulum; b = magnified view of a. 
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Figure 9. RT-PCR analysis of aipVOA and aip36DE mRNA in accessor}' glands 
of control and treated adiilt Bg' flies. 
Figure A represents agarose gel picture from one of the experiments (a, acp70A; 
h, aip36DE). 18S rRNA was used as internal control (c). Group P: leachate from 
pigment plant waste and group T: leachate from tanner}' waste, each leachate 
prepared with highly acidic (H; pi I 2.88) solvent. Values in (B and C) represents 
mean densit}- ± S.E. of three independent experiments (n=3). Significance is 
ascribed as *p < 0.05. 
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Figure 10. Percent cells expressing Acp70A in accessory gland cells of adult 
male B£ flies exposed to leachates (B). 
Figure (A) depicts flow cytometric representation in control, PH 1.0-2.0% 
and FH 0.1-0.5% (a); control and TH 0.1-1.0% (b). 
Group F: leachate from flashlight batter)' factor)' waste; group P: leachate 
from pigment plant waste and gtoup T: leachate from tannery waste, each 
prepared with highly acidic (H; pH 2.88) solvent. Data represent mean ± S.E. 
(n = 3). Significance is ascribed as *p < 0.05 vs. control. 
- ^ —^--^ • 500 nm 
Figure 11. Localization and expression pattern of Acp70A accessor)^ 
gland cells of B£' flies by immunoelectron microscopy in control (a-d) 
and in Til 1.0"o leachate treated larsae (e-h). The presence of AcpTOA 
(15nm) in nucleus, cytoplasm (b, d, f and h), and lumen (a,c, e and g) is 
shown. 
Note the total number of gold particles to represent AcpTOA in control 
group was significantly more than that found in TII treated groups 
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I Secretory cells I Lumen 
TH L0% 
Figure 12. Number of gold particles in accessory gland cells and lumen of 
B£ flies in control and treated groups as shown by immuno-electron 
microscopy. Group F: leachate from flashlight batter)' factory waste and 
group T: leachate from tannery waste, each prepared with highly acidic (H; 
pH 2.88) solvent. Significance is ascribed as *p < 0.05 vs. control (n = 10). 
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Figure 13. Mean sumvorships (days) of B£ in control and organisms treated 
with different concentration of leachates (A) from flashlight batter}' factory 
(Group F). 
Figure (B) represents survivorship probability in control treated organisms. 
Leachates were prepared in neutral (N; pH 7.00), mildly acidic (M; pH 4.93) 
and highly acidic (H; pH 2.88) solvents. Significance is ascribed as *p < 0.05. 
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Figure 14. Mean survivorships (days) of B£ in control and organisms treated 
with different concentration of leachates (A) from a tannery industrial waste 
(Group T). 
Figure (B) represents survivorship probability in control treated organisms. 
Leachates were prepared in neutral (N; pH 7.00), mildly acidic (M; pH 4.93) 
and highly acidic (H; pH 2.88) solvents. Significance is ascribed as *p < 0.05. 
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DNA damage induced by leachates in DNA repair proficient and 
deficient strains of Drosophila 
6. Introduction 
The focus of this chapter was to validate Drosophila melanogaster as an in vivo 
model for genotoxicity assessment using a modified version of original alkaline 
Comet assay (Part A). 
Next the modified assay in this validated model was used to examine the 
DNA damaging potential of leachates from three industrial solid wastes (Part B). 
A possible mechanism of DNA damage induced by the complex chemical 
mixtures i.e. leachates was also examined using different Drosophila strains 
deficient for DNA repairing enzymes (Part B). 
6.1. Results 
During the course of the study, no overt signs of toxicity were observed in 
most of the larvae exposed to alkylating agents and leachates. A major exception 
was that both OregonR"^ and mutant larvae exposed to 1.0 and 2.0% FH and 
2.0% TH leachates for 72h exhibited 100% mortalit}'. Hence, no data could be 
presented for these groups. In addition, sluggish movement was observed in the 
larvae exposed to 0.5 and 1.0% leachates of FH and TH for 72h and in those 
treated with 2.0% leachates of FH and TH for 48h. Wild-t\'pe and mutant larvae 
fed VC and soil control leachate did not exhibit any change in Comet parameters 
as compared to the negative control. Hence, only data from the negative control 
group were used for comparison. The final pH of the Drosophila food mixed 
with the mildly and highly acidic solvent was found to be between 6.0 to 6.8. 
Part A 
6.1.1. Evaluation of DNA damage in the cells of the larvae exposed to 
different alkylating agents 
Cell viability measured at the time of the experiment always exceeded 95% 
in control as well as in all the treatment groups. Drosophila larvae exposed to all 
the four alkylating agents viz. ethyl methanesulfonate (EMS), methyl methane-
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sulfonate (MMS), N-ethyl-N-nitrosourea (ENU) and cyclophosphamide (CP) 
showed a concentration-dependent increase in DNA damage as evident by a 
statistically significant (p < 0.05 and p < 0.01) increase in the Comet parameters 
i.e. tail length (^.m), tail moment (TM; arbitrary units) and tail DNA (%) (Table 1). 
At 0.5 and l.OmM concentrations of all the four chemicals, a significant increase 
(p < 0.01) in all the Comet parameters were observed in the cells of exposed 
organisms as compared to the respective controls (Table 1). All the test chemicals 
except MMS, at the lowest concentration (0.05mM), did not induce any 
significant (p > 0.05) DNA damage in the cells of exposed organisms (Table 1). 
Interestingly, among the four alkylating agents, ENU was found to be the least 
potent inducer and MMS the most potent inducer of DNA damage in the cells of 
exposed Drosophila\2XM2i^ (Table 2 and Fig. 1). 
When the tail moment data was analyzed and presented as box-and-
whisker plots (Figs. 2 and 3) and distribution of cells (%) (Figs. 4 and 5) it was 
observed that in the control and l.OmM ENU groups 90% of the total cells 
observed were in the minimum damage category <2.0 TM (Fig. 4A). However, at 
l.OmM MMS, only 40% cells were in this category, while 55% cells showed an 
increase in DNA damage (<4.0 TM) and 15% cells were in the category <6.0, 
indicating the severity of DNA damage in this group (Fig. 5B). When ENU 
induced Comet parameters in the cells of Drosophila were compared with those of 
EMS, MMS and CP at 0.5 and l.OmM dietary concentrations, a significant 
induction (p < 0.05) in the Comet parameters was observed in all the test 
chemicals exposed groups (Table 2). A similar trend was observed when CP 
induced Comet parameters were compared with those EMS and MMS at 0.5 and 
l.OmM concentrations, except that the tail DNA (%) in EMS was not 
significantiy affected as compared to CP (Table 2). Interestingly, MMS was found 
to be significantiy (p < 0.05) more robust in inducing DNA damage in the cells of 
the exposed organisms as compared to EMS at both higher concentrations (Table 
2). 
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6.1.2. Physico-chemical parametrers and heavy metal contents in industrial 
solid waste leachates 
Tables 3 and 4 show physico-chemical parameters and the metals detected 
(Al, As, Cd, Co, Cr, Cu, Fe, Hg, Mg, Mn, Mo, Ni, Pb, Se, Sn, Ti, V and Zn in 
control soil and its leachates and in the three different industrial solid wastes and 
their respective leachates (FN, PN and TN: neutral pH; FM, PM and TM: mildly 
acidic pH; and FH, PH and TH: highly acidic pH). The pHs of the leachates 
prepared from the different solid wastes were more alkaline than the pH of the 
extracting solvent, and the tannery waste leachates were more alkaline than the 
others (Table 3). With decreasing pH of the extracting solvent (from pH 7.00 to 
pH 2.88), the intensity of the colour of the leachates from the flashlight battery 
factory (blue) and tannery (yellow) wastes increased. However, leachates of the 
pigment plant waste remained colourless regardless of the pH of the extracting 
solvent (Table 3). 
6.1.3. Evaluation of D N A damage in the cells of the larvae exposed to 
different industrial solid waste leachates 
The cell viability of the control and all the treatment groups varied from 
90-95%. Brain ganglia and midgut cells from the treatment groups exhibited 
concentradon-dependent increase in the Comet parameters, i.e., % tail DNA, TM 
and tail length; brain ganglia and midgut cells from Drosophila larvae exposed to 
EMS and to each of the different leachates, all showed significant (p < 0.05) 
increases in D N A damage (Tables 5 and 6). TM data are presented as distribution 
plots in Figs. 8-12. 
Exposure of Drosophila larvae to the flashlight battery factory waste 
leachates (FN, FM and FH) resulted in a significant concentration-dependent 
increase (p < 0.05) in all the Comet parameters in the brain ganglia and midgut 
cells (Tables 5 and 6). Analysis of the distribution of cells with respect to TM 
(Figs. 8-12) for the three flashlight battery waste leachate groups (FN, FM and 
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FH) revealed a general increase in DNA damage with decreasing pH of the 
leachate solvent. For example, at the 0.5% concentration, 99.0% midgut cells in 
group FN were in the <2.0 TM category and 93.5% midgut cells in FM were in 
the <2.0 TM category^; whereas exposure to the same concentration of FH 
resulted in 21.5% midgut cells in the <2.0 TM category, 55.5% midgut cells in the 
2.0-4.0 TM category, 20.0% midgut cells in the 4.0-6.0 TM category, and 3.0% 
midgut cells in the 6.0—8.0 TM category (Fig. 8A-C). A similar trend for 
increasing DNA damage as the pH of the leachate solvent decreased was 
observed for the larvae exposed to the leachates of the tannery wastes (Tables 5 
and 6; Figs. 12 and 13). Larvae exposed to the leachates of pigment plant waste 
did not exhibit a significant (p > 0.05) increase in any of the Comet parameters, 
even at the 2.0% dietary concentration (Tables 5 and 6). 
6.1.4. Multiple pathways are required to repair leachate induced DNA 
damage 
Tables 7-9 and Figs. 13-20 show the results of Comet assays performed on 
the brain ganglia and midgut cells of D. melanogaster larvae of OregonR^ and 
repair-deficient strains exposed to the three industrial solid waste leachates (tail 
DNA and tail length data for brain ganglia cells were not shown). Larvae of the 
mutant genotypes grown on normal food did not show any significant (p > 0.05) 
increase in DNA damage as compared to that observed in OregonR"^ larvae 
(Tables 7-9 and Figs. 13-20). Treatment of OregonR^ larvae with 0.5% FH and 
TH leachates for 48h induced significant (p < 0.05) increases in DNA damage in 
their brain ganglia and midgut cells, while the group PH leachate did not increase 
(p > 0.05) DNA damage in brain ganglia and midgut cells from wild-type larvae, 
even with a 72h treatment (Table 8 and Figs. 17 and 18). 
Both groups FH and TH leachates increased the level of DNA damage in 
the brain ganglia and midgut cells of all the mutant strains of larvae as compared 
to the negative control. Also, significant (p < 0.05) increase in DNA damage were 
induced in mei41 (TM 2.22 ± 0.31 for midgut cells), mus201 (TM 2.39 ± 0.03 for 
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midgut cells), mus308 (TM 2.43 ± 0.06 for midgut cells), and rad54 (TM 2.77 ± 
0.04 for midgut cells) larvae exposed to 0 .1% group FH leachate for 48h in 
comparison to the response observed in OregonR"^ larvae. D N A damage was not 
increased significandy (p > 0.05) in brain gangUa and midgut cells of dnasel (TM 
1.52 ± 0.16 for midgut ceUs) or ligaselV (TM 1.35 ± 0.08 for midgut cells) larvae 
« 
treated with 0 .1% of the group FH leachate. 
The 0 .1% concentration of the group T H leachate did not produce a 
significant induction of D N A damage in the brain and midgut cells of mus308 
(TM 1.85 ± 0.11 for midgut cells; p > 0.05) when the larvae were fed for 48h. 
However, increasing the exposure time of these larvae to 72h produced a 
significant (p < 0.05) increase in D N A damage in both brain ganglia and midgut 
cells (TM 2.98 ±0 .14 ; Table 9; Figs. 19B and 20B). 
None of the treatments of dnase2 mutant larvae with the gfoup PH leachate 
produced an increase in D N A damage in brain ganglia and midgut cells (Table 8 
and Figs. 17 and 18). In contrast, concentration- and time-dependent increases in 
D N A damage were detected in exposures of the other mutant strains to the 
group PH leachate (Table 8 and Figs. 17 and 18). Interestingly, among the three 
industrial waste leachates, the group PH leachate induced the most D N A damage 
in the midgut cells of ligasell^ mutiint larvae (Table 8 and Figs. 17 and 18). 
5.2. Discuss ion 
Part A 
In the present study, all the four alkylating agents, ethyl methanesulfonate 
(EMS), methyl methanesulfonate (MMS), N-ethyl-N-nitrosourea (ENU) and 
cyclophosphamide (CP) induced significant D N A damage in midgut cells of 
Drosophila, indicating the efficacy of our modified version of Comet assay for 
assessment of in vivo genotoxicity in Drosophila melanogaster. 
Midgut cells have sparingly been used by researchers for determining the 
genotoxic potential of the chemicals. Since, most of the chemicals enter the 
organisms through the midgut via food, the midgut cells remain one of the 
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primary targets for the chemicals. This was one of the rationales of considering 
midgut cells for assessing genotoxic potential of chemicals in the present study. 
In this context, previous studies from this laboratory showed that both brain 
ganglia and midgut cells of Drosophila exposed to cypermethrin, exhibited a similar 
effect when Comet parameters were compared (Mukhopadhyay et al., 2004). 
As elucidated by Mukhopadhyay et al. (2004), one of the reasons, 1.5% low 
melting point agarose (final concentration 0.75%; Mukhopadhyay et al, 2004) 
instead of 1 % (final concentration 0.5%) generally used and recommended (Tice 
et al., 2000; Dhawan et al., 2002) is because D. melanogaster cell size is smaller than 
the mammalian cells. Since there is no heme group present in Drosophila, DMSO 
(10%), used to scavenge radicals generated by the iron released from hemoglobin 
(Singh et al., 1998), was also removed from the lysing solution. In this context, a 
previous study by Nazir et al. (2003a) has demonstrated that DMSO above 0.3% 
is cytotoxic to Drosophila. Although, Bilbao et al. (2002) used 20min for each 
unwinding and electrophoresis, in the present study the time was optimized to 
lOmin for unwinding and 15min for electrophoresis respectively, resulting in the 
improvement of assay. Further improvement was achieved in the Comet assay 
responses in control cells by careful manipulation while dissecting out the midgut 
as well as during production of single cell suspensions. 
In the present study, three concentrations (0.05, 0.5 and l.OmM) of the 
alkylating agents (ENU, CP, EMS and MMS) were selected because of their ^ 
highest null and low toxicity effects on the organism under efficient repair 
conditions. Vogel and Natarajan (1979) examining the genotoxic potential of 
alkylating agents including ENU, EMS and MMS on germ cells of Drosophila by 
chromosome loss test, classified MMS as the most potent genotoxicant. The 
present study also supports these observations, MMS was shown to be the most 
potent alkylating agent for inducing genotoxicity. The genotoxicity of 
cyclophosphamide observed in midgut cells of exposed Drosophila larvae in the 
present study can be due to the fact that these cells are metabolically active 
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(Zijlstra and Vogel, 1989). Earlier studies of Graf et al. (1989) and Vogel and 
Nivard (1993) showing genotoxicity of cyclophosphamide in Drosophila by 
SMART assay and eye spot test in Drosophila further supports the present study. 
Interestingly, the modified Comet assay is more sensitive than the conventional 
techniques as significant induction in Comet parameters in the midgut cells was 
observed as early as 24h under in vivo conditions in comparison with 2-5 days in 
the other techniques (Graf et al., 1989; Vogel and Nivard, 1993). ENU was found 
to be the least genotoxic amongst the four alkylating agents used. This may 
possibly be due to its low nucleophilic selectivity leading to high affinity towards 
oxygen atoms on DNA (Beranek, 1990). The present data in Drosophila assume 
significance since they are comparable with those obtained in mammalian tissues 
(Sasaki et al., 2000). Therefore, the present study demonstrates Drosophila 
melanogaster as a sensitive and suitable in vivo model for genotoxicity assessment 
using modified alkaline Comet assay. 
PartB 
Subsequendy, this validated assay in fly was used to examine the DNA 
damaging potential of leachates from different industrial solid wastes. Landfill 
stabilization has been suggested as a principal reason for the increase in the pH of 
solid wastes. This increase could be due to methanogenic activit)^ during the aging 
of the landfill. While the initial pHs exhibited by the leachates may be low, 
significant increases in pH can occur during the methanogenic phase (Christensen 
et al., 2001). One possibility for the relative alkalinity of the leachates in the 
present study may be the age of the solid wastes that were collected. 
Industrial solid wastes usually contain a complex mixture of organic and 
inorganic chemicals, the nature of which depends upon the type of industry. In 
the present study, the concentrations of eighteen metals were estimated in both 
the solid wastes and their leachates. All the leachates contained several genotoxic 
metals in variable concentrations that were found to be above the permissible 
limits set by national and international regulatory agencies for drinking water 
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(BSI, 1991; WHO, 2004; USEPA, 2007). However, Fe was not detected in 
leachates of flashlight battery waste and Cu was not detected in the wastes from 
the pigment factory and the tannery. A number of metal salts, such as As, Cd, Cr, 
Cu, Fe, Mn and Ni, are known to be potent inducers of DNA damage (Desoize, 
2003). Hexavalent Cr, a well-known carcinogen (lARC, 1990a), induces 
chromosomal aberrations, micronucleus formation, and single-strand DNA 
breaks in mammalian cells (Wise et al., 2002), and gene mutation in bacteria (De 
Flora et al., 1990). Cancer risks due to exposure to CrjVI] are commonly 
associated with industrial exposure (Bryant et al., 2006). Proctor et al. (2002) 
reported a positive association between chromium exposure and cancer of the 
digestive tract among workers exposed to high levels of CrjVI]. Ni(II) is 
considered a potent carcinogen (lARC, 1990b), and is genotoxic (Hong et al., 
1997; ASTDR, 2003) and act synergistically with other DNA-damaging agents 
(Christie, 1989). Cd is another category I carcinogen (lARC, 1993). Cu produces 
free radicals, and when present in an unbound condition, it produces reactive 
oxygen species that cause DNA, protein and lipid damage (Galaris and 
Evangelou, 2002). Inorganic Pb compounds are considered possible carcinogens 
(Category 2B) (lARC, 1987), and Pb causes chromosome aberration in humans 
(Hayashi, 1983) and inhibits the repair of DNA damage (Hartwig et al., 1990). 
Additionally, there is evidence that metal ions interfere with distinct steps of 
diverse DNA repair systems (Hartwig and Schwerdtie, 2002). 
The leachates made from the three industrial wastes displayed different 
colours. The change in the intensity of the colour of the leachates from flashlight 
battery waste and the tannery that was noted with the different pH solvents may 
be due to the increased concentration of Cu-containing salts in the former and 
Cr-containing salts in the latter. The reason for the relatively high levels of Cu in 
the flashlight battery waste is the extensive use of Cu as an electrical conductor 
and therefore a major component of the waste. In the tanning industry, Cr is 
extensively used in the leather tanning process, which leads to the production of 
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highly oxidized hexavalent Cr (Barnhart, 1997; Sempere et al., 1997). Since the 
pigment industry makes extensive use of Pb, Zn, Cd and Cr for the production of 
dyes, it is not surprising that the concentration of these metals in the pigment 
factory waste was above the permissible levels specified by the Bureau of Indian 
Standards (1982) for surface water quality. Metals Hke Cd, Cr, Cu, and Ni have 
been reported to be strong generators of reactive oxygen species (ROS) (Valko et 
al., 2006). Also, a number of organic carcinogens/mutagens induce oxidative 
DNA damage through metal-catalyzed ROS generation (Kawanishi et al., 2002). 
ROS induce a broad spectrum of DNA lesions, including DNA single strand and 
double strand breaks, apurinic/apyrimidinic (AP) sites, DNA base modifications, 
bulky adducts, and DNA interstrand crosslinks (Halliwell and Aruoma, 1991; 
Lindahl, 1993; Burrows and Muller, 1998; Scharer, 2003; Wilson et al., 2003). 
Thus, the ROS generating potential of metals may have contributed to the DNA 
damage that was observed in this study. Although the relatively high 
concentrations of carcinogenic/mutagenic metal compounds in the leachates may 
well have contributed to the DNA damage detected in Drosophila, the metals may 
not be the only factor contributing to the genotoxicity of the leachates. In 
addition, the synergistic and/or antagonistic effects of a number of chemicals 
potentially present in the leachates could have affected the genotoxic responses. 
Moreover, leachates contain many unidentified toxicants, known as non-
conventional pollutants (NCPs), which represent a risk of unknown magnitude 
(American National Research Council, 1991). Thus, NCPs also could have 
contributed to the genotoxicity of the leachates assayed in the present study. 
All three industrial solid waste leachates produced concentration-
dependent increase in DNA damage in the brain ganglia and midgut cells of 
exposed Drosophila larvae. Leachates prepared with the highly acidic solvent were 
significantiy more genotoxic than the leachates prepared with neutral HjO or the 
mildly acidic solvent. The pH of the dosed diets fed the larvae were all between 6 
- 6.8, indicating that the increased genotoxicity of the acid leachates may be due 
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to higher leaching of metal ions and possibly a generally higher yield of organic 
substances under acidic conditions (Rajaguru et al., 2002). 
Of the leachates evaluated, it is evident from the Comet parameters that 
leachates prepared from flashlight battery factory and tannery waste had greater 
DNA-damaging activity. This may be due to the presence of higher 
concentrations of metals along with NCPs, in the wastes from the flashlight 
battery factory and tannery. It is also intriguing to note that leachates from the 
pigment plant waste had the least DNA-damaging potential. Although Pb, Cd, 
Mn and Zn were detected in these leachates, the mixture of these metals and the 
NCPs could be less bioavailable to Drosophila than were the toxicants in the other 
leachates. 
The extent of DNA damage caused by industrial solid waste leachates in 
repair deficient strains of D. melanogaster was also evaluated. The primary cellular 
response to DNA damage is the repair of lesions. Mutants mus201, mus308, mei41, 
and rad54 were hypersensitive to all the leachates, indicating involvement of the 
gene products in the repair of damaged DNA. Metals like As, Cd, Cr, Cu and Ni 
have been reported to induce bulky DNA adducts and intrastrand crosslinks that 
are predominantiy repaired by NER; however, their mechanisms of action are not 
completely understood (Hartwig and Schwerdtie, 2002; Wakeman et al., 2004; 
Bryant et al., 2006; Hong et al., 2006). The present observation of the 
hypersensitivity of mus201 indicates that all three leachates were capable of 
forming bulky adducts. Mus308 is responsible for interstrand crosslink and 
postrepUcation repair in Drosophila (Sekelsky et al., 1998; Pang et al., 2005). The 
hypersensitivity of mus308 larvae to the leachates indicates that the leachates 
induced interstand crosslinks, which may have been due to the presence of 
crosslinking metals in the leachates (e.g., Cd, Cr, Cu, Mn, and Ni) (Duguid and 
Bloomfield, 1995; Pagano et al., 2003) and also lesions in the replication fork 
followed by DNA strand breaks. The Mei41 protein acts as a check point on the 
DNA damage-dependent cell cycle by arresting the cells in the G2 phase and 
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preventing their entrance into mitosis (Sekelsky et al., 1998). This allows time for 
repair of damaged DNA. The significant increase in DNA damage evident in 
mei41 larvae exposed to the group P leachate may be due to their inability to stop 
the cell cycle, thus allowing damaged DNA to proceed further into the next cell 
cycle. Conversely, wild-type larvae exposed to the group P leachate displayed no 
significant increase in DNA damage, indicating that OregonR^ larvae efficiently 
repair the damage produced by this leachate. 
Both LigaselV and Rad54 play important roles in the repair of double 
strand breaks (DSBs) (Gorski et al., 2003). The increase in DNA damage 
observed in the rad54 strain suggests the influence of homologous recombination 
(HR) on repairing the DSBs produced by all three of the leachates. CrjVI] triggers 
DSBs primarily in the S-phase of the cell cycle (Ha et al., 2004), and these DSBs 
are generally repaired by HR (Rothkamm et al., 2003). In this context, it is 
tempting to speculate that the leachates induce DSBs predominantiy during S-
phase, accounting for the hypersensitivity to rad54 mutant strain. In comparison, 
ligaselV larvae exposed to the groups F and T leachates had no greatef levels of 
DNA damage than detected in the wild-type strain. This suggests that the 
nonhomologous end joining (NHEJ) pathway (assumed to be mutagenic) is 
suppressed in favour of more accurate HR pathway in Drosophila (Heidenreich et 
al., 2003). In this context, Gorski et al. (2003) made a similar observation with 
reference to the exposure of Drosophila to infrared (IR) radiation. Conversely, 
ligaseJV mutant larvae were hypersensitive to the PH leachate. NHEJ is mostly 
associated with repair of DSBs formed during the Gl-phase of the cell cycle 
(Rothkamm et al., 2003). It also has been suggested that both the pathways may 
have an overlapping role in the repair of DSBs in some cases (Arnaudeau et al., 
2001; Lundin et al., 2002). Thus, the data suggests that the PH leachate either 
induces DSBs in the Gl-phase of the cell cycle or that LigaselV may act 
synergistically with Rad54. 
dnasel mutant larvae were differentially sensitive to the groups F and T 
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leachates but not to the gtoup P leachate. dnase2, an acidic lysosomal enzyme, 
degrades chromosomal DNA during apoptosis (Evans and Aguilera, 2003). 
Therefore, it is tempting to speculate that the higher levels of DNA damage in 
the exposed cells may lead to the initiation and execution of apoptosis, resulting 
in the accumulation of fragmented DNA. The absence of differential sensitivit}' 
for the dnasel strain to the PH leachate may be due either to lower concentrations 
of metals and unidentified components in the PH leachate or to a lower 
bioavailability of the metals and unidentified chemicals in the PH leachate as 
compared with the FH and TH leachates. The present study demonstrates that 
the group PH leachate generated the least ROS among the three leachates and 
this may contribute to the differences in the activities between the PH leachate 
and the FH and TH leachates. In this study, DNA-damaging activity in midgut 
and brain cells of the exposed organisms was found to be comparable, while most 
of the studies reported so far describe damage in brain cells of the fly. This study 
and a previous study from this laboratory (Mukhopadhyay et al., 2004) indicate 
that midgut cells also are useful for studying DNA damage and repair. The 
present data demonstrate that repair of DNA damage in organisms exposed to 
complex chemical mixtures is dependent upon multiple DNA repair proteins, 
indicative of the involvement of multiple overlapping repair pathways. The study 
further suggests the usefulness of the Comet assay for studying the mechanisms 
of DNA repair in Drosophila. 
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Table 1, Effect of alkylating agents on Comet parameters in midgut cells 
of DrosophJJa melanogaster. 
Groups 
Control 
O.OSmM ENU 
0.5mM ENU 
l.OmMENU 
O.OSmM EMS 
O.SmM EMS 
l.OmMEMS 
O.OSmM MMS 
O.SmM MMS 
l.OmMMMS 
O.OSmM CP 
O.SmM CP 
l.OmMCP 
Tail DNA (%) 
7.08±0.23 
7.9910.99 
9.78±0.37" 
14.2410.23*' 
8.0010.98 
12.0410.74" 
15.4810.33" 
9.1S10.39" 
14.4410.80*' 
16.6310.25** 
8.1110.99 
11.4310.55** 
15.5410.24** 
Tail moment 
(arbitrary units) 
0.6510.02 
0.6310.04 
1.2010.06*' 
1.0510.03" 
0.6710.10 
1.2310.09" 
2.1110.03" 
0.8210.07" 
2.0310.11" 
2.2210.11" 
0.6610.06 
1.3610.05" 
1.7310.02" 
Tail length ([Am) 
5.5010.21 
5.0010.71 
13.0010.37'* 
19.0010.22" 
6.0010.79 
19.0010.60" 
25.0010.31" 
14.0010.66* 
23.0010.54" 
26.0010.21" 
5.0010.52 
17.0010.41** 
20.0010.19** 
Values are median ± S.E. of three experiments. *p < 0.05 and '*p<0.01 vs. 
control. EMS: ethyl methanesulfonate; MMS: methyl methanesulfonate; ENU: N-
ethyl-N-nitrosourea; CP: cyclophosphamide. 
Table 2. Comparative genotoxic potential of alkylating agents in D. 
melanogaster 
Groups 
0.5 mM MMS 
l.OmMMMS 
0.5 mM EMS 
1.0 mM EMS 
0.5 mM CP 
l.OmMCP 
MMS, EMS and CP Vs. 
Tail DNA (%) 
+ 
+ 
+ 
+ 
+ 
+ 
ENU 
Tail Moment 
(arbitrary unit) 
+ 
+ 
+ 
+ 
+ 
+ 
Tail Length (|im) 
+ 
+ 
+ 
+ 
+ 
+ 
MMS and EMS Vs. CP 
0.5 mM MMS 
l.OmMMMS 
0.5 mM EMS 
1.0 mM EMS 
+ 
+ 
ns 
ns 
+ 
+ 
+ 
+ 
+ 
MMS Vs. EMS 
0.5 mM MMS 
l.OmMMMS 
+ 
+ 
+ 
+ 
+ 
+ 
^p<0.05 when compared among the groups, ns- not significant. ENU: N-ethyl-
N-nitrosourea; CP: Cyclophosphamide; EMS: ethyl methanesulphonate and 
MMS: methyl methanesulfonate. 
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Table 5. DNA damage induced in brain ganglia cells of D. melanogaster 
larvae exposed to leachates of solid wastes from flashlight battery factory, 
pigment plant and tannery. 
Groups 
Control 
PC 
FN 0.5% 
FN 1.0% 
FN 2.0% 
FMO.1% 
FM 0.5% 
FM1.0% 
FM 2.0% 
FH 0.05% 
FH 0.1% 
FH 0.5% 
FH 2.0% 
FH 2.0% 
PN 2.0% 
PM 2.0% 
PH 2.0% 
TN 0.50% 
TN 1.0% 
TN 2.0% 
TMO.1% 
TM 0.5% 
TM1.0% 
TM 2.0% 
TH 0.1% 
TH 0.5% 
TH 1.0% 
TH 2.0% 
Tail DNA 
(%) 
8.83 ± 0.79 
24.53 ± 0.83* 
8.14 ±0.38 
13.83 ±0.28* 
19.73 ±0.74* 
8.94 ± 0.52 
13.68 ±0.56* 
17.16 ±0.66* 
22.74 ± 0.83* 
7.93 ± 0.33 
13.15 ±0.44* 
21.19 ±0.80* 
LC 
LC 
8.90 ± 0.41 
9.61 ±0.37 
11.28 ±0.46 
8.87± 0.36 
12.18 ±0.44* 
15.71 ±0.53* 
8.71 ± 0.43 
13.10 ±0.50* 
15.19 ±0.66* 
18.50 ±0.52* 
8.86 ± 0.36 
13.85 ±0.51* 
20.01 ± 0.82* 
LC 
Tail moment 
(arbitrary units) 
1.08 ±0.13 
3.08 ± 0.22* 
1.07 ±0.03 
2.07 ± 0.04* 
3.98 ±0.16* 
1.06 ±0.13 
1.29 ±0.05 
2.68 ±0.14* 
4.97 ± 0.23* 
1.05 ±0.02 
1.13 ±0.05 
2.90 ±0.15* 
LC 
LC 
1.29 ±0.04 
1.13 ±0.05 
1.18 ±0.05 
1.19 ±0.03 
1.57 ±0.05 
2.62 ±0.13* 
0.99 ± 0.07 
1.08 ±0.04 
1.96 ±0.08* 
3.41 ±0.14* 
1.59 ±0.13 
1.27 ±0.05 
4.27 ±0.18* 
LC 
TaU length 
(lAm) 
7.42 ± 0.47 
28.86 ±1.14* 
6.99 ± 0.30 
13.92 ±0.28* 
32.12 ±0.82* 
7.67 ± 0.27 
14.99 ±0.43* 
23.33 ± 0.54* 
35.07 ±0.81* 
7.96 ± 0.28 
14.72 ±0.41* 
33.82 ±0.91* 
LC 
LC 
7.12 ±0.28 
10.26 ±0.27 
10.17 ±0.30* 
7.80 ± 0.26 
12.90 ±0.25* 
22.23 ± 0.36* 
7.56 ± 0.27 
12.16 ±0.46* 
23.22 ± 0.59* 
32.20 ± 0.95* 
7.58 ± 0.27 
17.22 ±0.42* 
32.89 ±1.16* 
LC 
Leachates from control soil (S) and waste generated by a flashlight battery factory 
(Group F), a pigment plant (Group P) and a tannery (Group T). Values are mean 
± S.E. of three experiments per group (n = 3). *p < 0.05 vs. control. PC: positive 
control (l.OmM ethyl methanesulphonate), FN, PN and TN: prepared in neutral 
solvent (pH 7.00); FM, PM and TM: prepared in mildly acidic solvent (pH 4.93); 
FH, PH and TH: prepared in highly acidic solvent (pH 2.88). 
Table 6. DNA damage induced in 
exposed to leachates of solid wastes 
plant and tannery. 
midgut cells of D. melanogaster larvae 
from flashlight battery factory, pigment 
Groups 
Control 
PC 
FN 0.5% 
FN 1.0% 
FN 2.0% 
FM 0.1% 
FM 0.5% 
FMI.0% 
FM 2.0% 
FH 0.05% 
FH 0.1% 
FH 0.5% 
FH 2.0% 
FH 2.0% 
PN 2.0% 
PM 2.0% 
PH 2.0% 
TN 0.5% 
TN 1.0% 
TN 2.0% 
TMO.1% 
TM 0.5% 
TM 1.0% 
TM 2.0% 
TH 0.1% 
TH 0.5% 
TH 1.0% 
TH 2.0% 
Tail DNA 
(%) 
8.63'± 0.57 
22.5311.22* 
8.44+1.47 
12.63 ± 0.42* 
19.8310.03* 
8.74 + 0.77 
12.2810.16* 
18.0610.46* 
23.1410.31* 
8.73 1 0.38 
12.2510.17* 
20.4910.18* 
LC 
LC 
8.70 1 0.42 
10.61 1 0.40 
10.28 1 0.64 
8.771 0.39 
12.3810.64* 
14.61 10.64* 
8.6110.14 
12.3010.37* 
15.0910.63* 
17.6010.22* 
8.7610.17 
13.3510.37* 
19.0110.54* 
LC 
Tail moment 
(arbitrary units) 
0.88 1 0.02 
2.8810.18* 
0.70 1 0.03 
2.07 1 0.04* 
4.0810.21* 
0.66 1 0.04 
1.0910.01 
2.50 1 0.27* 
5.27 1 0.38* 
0.65 1 0.06 
1.1310.11* 
3.3010.13* 
LC 
LC 
0.69 1 0.03 
1.0310.18 
1.1310.07 
0.6910.11 
0.9710.11 
2.5210.13* 
0.69 1 0.03 
0.88 1 0.01 
1.6610.03 
3.3110.31* 
0.69 1 0.03 
1.1710.13 
4.1710.08* 
LC 
Tail length 
([Am) 
7.02 1 0.08 
31.3611.71* 
6.5910.31 
12.8210.31* 
34.02 1 0.60* 
6.58 1 0.43 
16.2810.59* 
24.4310.10* 
36.98 1 0.57* 
6.4610.17 
15.6210.15* 
34.32 1 0.74* 
LC 
LC 
6.6210.18 
13.8610.27 
17.3710.31* 
6.60 1 0.05 
12.7010.30' 
23.13 1 0.47* 
6.66 1 0.29 
12.3610.33* 
25.2211.00' 
34.1010.80* 
6.68 1 0.43 
16.2210.33* 
33.69 1 0.30* 
LC 
Leachates from control soil (S) and waste generated by a flashlight battery factory 
(Group F), a pigment plant (Group P) and a tannery (Group T). Values are mean 
± S.E. of three experiments s per group (n = 3). p < 0.05 vs. control. PC: positive 
control (l.OmM ethyl methanesulphonate), FN, PN and TN: prepared in neutral 
solvent (pH 7.00); FM, PM and TM: prepared in mildly acidic solvent (pH 4.93); 
FH, PH and TH: prepared in highly acidic solvent (pH 2.88). 
Table 7. DNA damage induced in midgut cells of D. melanogaster larvae by 
leachate from waste of a flashlight battery factory under different repair 
conditions. 
Strain 
OregonR^ 
Dose 
0.0% 
PC 
0.1% 
0.5% 
2.0% 
Tail DNA (%) 
9.86 ± 0.72 
22.99 ± 2.72* 
10.85 ± 0.99 
16.53 ± 0.45' 
19.00 ± 1.09* 
48h 
Tail length (l^m) 
8.37 ± 0.46 
25.68 ± 2.33* 
Tail DNA (%) 
9.74 ±0.61 
23.53 + 1.23* 
Leachate 
8.25 ± 0.87 
25.76 ± 0.78* 
29.35 ± 0.76* 
10.25 ±0.17 
20.50 ±0.18* 
LC 
72h 
Tail length (|im) 
8.62 ± 0.50 
34.36 ± 2.28* 
9.63 ± 0.48 
31.98 ±0.58* 
LC 
dnasel 
0.0% 
0.1% 
0.5% 
2.0% 
10.21 ± 0.60 
11.33 ± 1.15 
15.24 ± 0.86 '^ 
27.74 ± 0.61*'' 
7.37 ± 0.71 
9.86 ± 0.16 
24.93 ± 0.36* 
38.97 ± 0.95*'' 
9.12 ±0.65 
11.39±1.17 
27.98 ±1.20*'' 
LC 
8.21 ±0.67 
10.06 ±1.46 
40.27 ±0.61*'' 
LC 
ligaseW 
0.0% 
0.1% 
0.5% 
2.0% 
10.65 ± 0.74 
10.82 ± 0.61 
18.02 ± 0.38* 
18.37 ± 1.09* 
8.46 ± 0.59 
8.13 ± 0.59 
25.44 ± 0.55* 
30.98 ± 1.26* 
8.25 ± 0.76 
12.14 ±1.73 
19.49 ±0.75* 
LC 
7.98 ± 0.65 
9.02 ± 0.58 
30.8 ± 0.78* 
LC 
mei41 
mus201 
mus308 
rad54 
0.0% 
0.1% 
0.5% 
2.0% 
0.0% 
0.1% 
0.5% 
2.0% 
0.0% 
0.1% 
0.5% 
2.0% 
0.0% 
0.1% 
0.5% 
2.0% 
9.98 ± 0.89 
15.39 ± 1.64*'' 
20.38 ± 1.13*-' 
28.15 ± 0.67*-' 
10.02 ± 0.14 
15.27 ± 0.57*'' 
27.12 ± 0.75*'' 
30. 34 ±1.56*-' 
9.45 ± 0.54 
14.92 ± 1.63*'' 
21.30 ± 1.31*'' 
29.76 ± 0.88*'' 
10.25 ± 0.21 
17.69 ± 0.69*'' 
22.42 ± 1.20*-' 
29.93 ± l.llv*'' 
7.98 ± 
14.42 ± 
25.49 ± 
39.64 ± 
8.10 ± 
16.12 ± 
36.16 ± 
43.78 ± 
7.99 ± 
14.51 ± 
31.82 ± 
40.63 ± 
8.01 ± 
16.09 ± 
30.19 ± 
42.61 ± 
1.01 
0.70*'' 
0.96*'' 
0.66*'' 
0.41 
0.96*'' 
0.99*'' 
1.46*-' 
0.09 
1.26*-' 
1.2*-' 
0.80*'' 
0.24 
0.99*'' 
0.96*-' 
0.29*-' 
8.21 ± 0.67 
14.39 ±1.44*' 
28.08 ±1.15*'' 
LC 
8.67 ±0.71 
18.42 ±1.10*'' 
33.80 ± 0.97*'' 
LC 
9.78 ± 0.75 
19.44 ±1.15*-' 
28.93 ±1.18*'' 
LC 
7.98 ± 0.76 
18.03 ±0.98*'' 
30.68 ±1.07*' 
LC 
7.45 ± 0.45 
18.92 ±0.84*-' 
41. 99 ±1.37*'" 
LC 
7.86 ± 0.52 
22.69 ± 0.82*' 
46.31 ±1 .0 r ' ' 
LC 
8.17 ±0.54 
20.22 ± 0.52*-' 
42.21 ±1.60*-' 
LC 
8.32 ± 0.62 
21.96 ±1.84*' 
46.14 ±1.56*' 
LC 
Leachate from waste generated by 
highly acidic solvent (pH 2.88). 
a flashlight battery factory (Group F) prepared in 
LC- lethal concentration; PC- positive control 
(LOmM ethyl methanesulfonate). Values are mean ± S.E. of three experiments per 
group (n=3). p < 0.05 vs. control and p^ < 0.05 vs. OregonR"^. 
Table 8. 
leachate 
DNA damage in midgut cells o£ D. melanogaster larvae induced by 
from waste of a pigment plant under different repair conditions. 
Strain 
OregonR* 
Dose 
0.0% 
PC 
0.1% 
0.5% 
2.0% 
Tail DNA (%) 
9.86 ± 0.72 
22.99 ± 2.72* 
10.38 ± 1.09 
10.31 ± 0.84 
11.13 ± 0.99 
48h 
Tail length (i^m) 
8.37 ± 0.46 
25.68 ± 2.33* 
Leachate 
8.05 ± 0.48 
8.27 ± 054 
8.07 ± 0.56 
Tail DNA (%) 
9.74 ±0.61 
23.53 ±1.22* 
9.01 ± 0.57 
10.84 ±0.65 
12.09 ±1.56 
72h 
Tail length 
(urn) 
8.62 ± 0.50 
34.36 ± 2.28* 
8.42 ± 0.67 
7.83 ± 0.33 
12.01 ±1.29 
dnase2 
ligaselV 
mei41 
mus201 
mus308 
rad54 
0.0% 
0.1% 
0.5% 
2.0% 
0.0% 
0.1% 
0.5% 
2.0% 
0.0% 
0.1% 
0.5% 
2.0% 
0.0% 
0.1% 
0.5% 
2.0% 
0.0% 
0.1% 
0.5% 
2.0% 
0.0% 
0.1% 
0.5% 
2.0% 
10.21 ± 0.60 
10.94 ± 0.68 
10.50 ± 1.07 
11.27 ± 0.60 
10..65± 0.74 
10.73 ± 0.94 
14.85 ± 1.13*'' 
18.79 ± 1.70''' 
9.98 ± 0.89 
11.37 ± 1.44 
15.16 ± 0.97*-' 
21.06 ± 0.60*' 
10.32 ± 0.24 
10.79 ± 1.76 
16.42 ± 0.69*'' 
20.39 ± 0.56*' 
10.45 ± 0.54 
11.71 ± 1.72 
15.87 ± 0.58*'' 
21.51 ± 0.89*-' 
10.25 ± 0.21 
10.77 ± 1.01 
16.95 ± 0.64*' 
21.49 ± 0.56*'' 
7.37 ± 
7.47 ± 
8.50 ± 
8.40 ± 
7.46 ± 
8.22 ± 
12.15 ± 
27.84 ± 
7.98 ± 
9.09 ± 
20.02 ± 
30.54 ± 
8.10 ± 
7.17 ± 
18.93 ± 
28.51 ± 
6.99 ± 
8.57 ± 
20.83 ± 
25.95 ± 
8.01 ± 
9.27 ± 
18.22 ± 
27.86 ± 
0.71 
0.82 
0.44 
1.19 
0.59 
0.55 
1.07*-' 
0.77*'' 
1.01 
0.52 
0.88*-' 
1.08*'' 
0.61 
0.95 
0.84*'' 
1.24*'' 
0.09 
0.41 
0.44*'' 
0.88*'' 
0.24 
0.51 
0.57*'' 
0.43*'' 
7.98 ± 0.56 
8.76 ±1.20 
9.66 ± 0.89 
11.69 ±0.68 
8.66 ± 0.74 
13.16 ±0.95*'' 
16.87 ±1.23*'' 
25.82 ±1.43*' 
8.12 ±0.76 
13.62 ±1.40*'' 
21.32 ±1.02*' 
25.66 ±1.63*' 
8.77 ±0.91 
13.05 ±1.01*'' 
20.02 ±0.35*'' 
25.39 ± 0.56*'' 
7.86 ± 0.89 
13.94 ±0.69*' 
22.26 ±1.04*-' 
27.21 ±1.02*'' 
8.65 ± 0.56 
11.08 ±0.79*'' 
18.88 ±0.65*'' 
28.80 ±1.82*'' 
8.09 ± 0.65 
8.92 ± 0.87 
7.94 ±0.89 
8.98 ±1.39 
7.98 ± 0.65 
16.10 ±1.17*' 
20.56 ±1.02*'' 
30.56 ±1.32*'' 
7.32 ± 0.49 
14.68 ±1.68*'' 
31.19 ±1.50*-' 
35.51 ± 1.29*'' 
8.86 ± 0.82 
14.05 ±0.92*'' 
25.68 ± 0.43*'' 
28.51 ± 1.24*'' 
7.86 ± 0.65 
15.77 ±1.08*'' 
27.76 ±1.17*'' 
31.72 ±1.27*'' 
8.78 ± 0.65 
12.34 ±1.15*' 
26.45 ±1.34*' 
29.98 ±1.83^' 
Leachate from waste generated by a pigment plant (Group P) prepared in highly 
acidic solvent (pH 2.88). PC- positive control (l.OmM ethyl methanesulfonate). 
Values are mean ± S.E. of three experiments per group (n=3). *p < 0.05 vs. control 
and 'p < 0.05 vs. OregonR^. 
Table 9. D N A damage in midgut cells of D. melanogaster larvae induced by 
leachate from waste of a tannery under different repair conditions. 
Strain Dose 48h Tail DNA (%) Tail length (^m) 
72h 
Tail DNA (%) Tail length (^m) 
0.0% 
PC 
9.86 ± 0.72 
22.99 ± 2.72' 
8.37 ± 0.46 
25.68 ± 2.33* 
9.74 ±0.61 
23.53 + 1.23* 
Leachate 
OregonR" 0.1% 
0.5% 
2.0% 
11.27± 0.60 
15.95 ± 1.16* 
21.40 ± 0.50^ ' 
7.83 ± 0.63 
14.07 ± 0.19* 
27.55 ± 0.33* 
8.76 ±0.17 
18.40 ±2.03* 
LC 
8.62 ± 0.50 
34.36 ± 2.28' 
7.69 ± 0.57 
16.22 ±0.33* 
LC 
dnasel 
ligaselV 
mei41 
mus201 
rnus308 
rad54 
0.0% 
0.1% 
0.5% 
2.0% 
0.0% 
0.1% 
0.5% 
2.0% 
0.0% 
0.1% 
0.5% 
2.0% 
0.0% 
0.1% 
0.5% 
2.0% 
0.0% 
0.1% 
0.5% 
2.0% 
0.0% 
0.1% 
0.5% 
2.0% 
10.21 ± 0.60 
10.9 ± 1.19 
14.96 ± 0.57* 
27.04 ± 0.57*'' 
10..65± 0.74 
10.30 ± 0.89 
15.78 ± 0.71* 
L 20.74 ± 0.94* 
9.98 ± 0.89 
11.58± 0.32*'' 
21.32 ± 0.61*-' 
30.82 ± 0.58*-' 
11.02 ± 0.14 
16.57 ± 1.32*'' 
20.39 ± 0.85*'' 
26.42 ± 1.14*'' 
10.45 ± 0.54 
11.9 ± 1.15 
19.20 ± 0.88*'' 
27.13 ± 0.56*'' 
10.25 ± 0.21 
12.86 ± 0.89*'' 
21.33 ± 0.66*'' 
27.74 ± 0.74*'' 
7.37 ± 0.71 
8.51 ± 0.71 
15.13 ± 1.25* 
40.67 ± 0.31*'' 
7.46 ± 0.59 
8.55 ± 0.30 
14.10 ± 1.25* 
26.46 ± 0.66* 
7.98 ± 1.01 
10.3 ± 1.13*'' 
30.16 ± 0.33*-' 
47.17 ± 1.09*'' 
8.10 ± 0.41 
18.29 ± 0.54*'' 
22.30 ± 1.32*'' 
31.82 ± 0.98*'' 
6.99 ± 0.09 
9.61 ± 1.19 
28.92 ± 1.09*'' 
43.86 ± 0.4r' ' 
8.01 ± 0.24 
13.28 ± 1.18*'' 
29.49 ± 0.64*-' 
45.86 ± 0.98*'' 
9.78 ± 0.78 
8.87 ± 0.58 
22.78 ±1.54*'' 
LC 
8.76 ± 0.76 
9.83 ± 0.85 
17.89 ±1.52* 
LC 
8.21 ± 0.66 
16.05 ±1.17*'' 
39.56 ±1.82*'' 
LC 
9.78 ± 0.71 
18.11 ±0.77*'' 
24.61 ±1.17*'' 
LC 
7.98 ± 0.43 
13.38 ±0.70*'' 
24.33 ±1.53*'' 
LC 
9.87 ± 0.78 
14.96 ±1.63*'' 
34.50 ± 0.59*'^  
LC 
8.02 ± 0.76 
8.69 ± 0.83 
32.82 ±1.58*'' 
LC 
7.86 ± 0.60 
7.78 ±1.12 
15.11 ±1.90* 
LC 
8.76 ± 0.78 
23.29 ±1.49*' 
51.66 ±1.18'' ' 
LC 
7.34 ± 0.60 
26.57 ± 0.54'-' 
31.51 ±1.22*'' 
LC 
7.45 ± 0.23 
20.34 ± 0.59*' 
37.05 ± 0.68*'' 
LC 
6.78 ±0.65 
20.46 ± 0.96*' 
46.20 ±0.91*' 
LC 
Leachate from waste generated by a tannery (Group T) prepared in highly acidic 
solvent (pH 2.88). LC- lethal concentration; PC- positive control (1.0 mM ethyl 
methanesulfonate). Values are mean ± S.E. of three experiments per group (n = 3). 
*p < 0.05 vs. control and 'p < 0.05 vs. OregonR"^. 
ii^^rmm^^ka^m^^^m* 
Figure 1. Single cell gel electrophoresis in the midgut cells of Drosophila 
melaiwgaster (OregonR"*") after treatment of alkylating agents. 
Control (a); N-ethyl-N-nitrosourea l.OmM (b); Cyclophosphamide l.OmM 
(c); ethyl methanesulphonate l.OmM (d) and methyl methanesulphonate 
l.OmM (e). Magnification 63X.. 
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Figure 2. Effect of alkylating agents, (A) N-ethyl-N-nitrosourea (ENU) and 
(B) Cyclophosphamide (CP) on the Tail Moment in midgut cells of third 
instar larvae of D. melanogaster. Ns = not significant; **p < 0.01 in 
comparison with control. 
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Figure 3. Effect of alkylating agents, (A) ethyl methanesulphonate (EMS) 
and (B) methyl methanesulphonate (MMS) on the Tail Moment in micigut 
cells of third instar larvae of D. melanogaster. ns = not significant; *p < 0.05; 
**p < 0.01 in comparison with control. 
"S 
u 
o 
Tail Moment 
Figure 4A 
U 
100 n 
Figure 4B 
Tail Moment 
Figure 4. Effect of alkylating agents, (A) N-ethyl-N-nitrosourea (ENU) and 
(B) Cyclophosphamide (CP) on the percentage distribution of cells with 
respect to the Tail Moment (TM) in midgut cells of third instar larvae of D. 
melanogaster. 
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Figure 5. Effect of alkylating agents, (A) ethyl methanesulphonate (EMS) 
and (B) methyl methanesulphonate (MMS) on the percentage distribution of 
cells with respect to the Tail Moment (TM) in midgut cells of third instar 
larvae of D. melanogaster. 
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Figure 6. Genotoxic potential of industrial solid waste leachates as 
revealed by single cell gel electrophoresis in brain ganglia cells of D. 
melaiioocister (OregonR"*"). 
Control (a); ethyl methanesulphonate l.OmM for 48h (b); 2.0% FN (c), 
FM (d) and FFI (e) for 48h, respectively; 2.0" o PM (f) and PFI (g) for 48h, 
respectively; 2.0% TN (h), TM (i) and TFI 0 for 48h, respectively . 
Magnification 63X. 
Group F: leachates from flashlight batten- factory waste; group P: 
leachates from pigment plant waste and group T: leachates from tanner}-
waste, each prepared with neutral (N; pFI 7.0), mildly acidic (M; pi I 
4.93), and highly acidic (II; p l l 2.88) solvents. 
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Figure 7. Genotoxic potential of industrial solid waste leachates as 
revealed by single cell gel electrophoresis in midgut cells of D. 
meJanogaster (OregonR"*"). 
Control (a); ethyl methanesulphonate l.OmM for 48h (b); 2.0%. FN (c), 
FM (d) and FII (e) for 48h, respectively; 2.0° o PM (^ and PH (g) for 
48h, respectively; 2.0° o TN (h), TM (i) and TH ® for 48h, respectively. 
Magnification 63X. 
Group F: leachates from flashlight batten- facton- waste; group P: 
leachates from pigment plant waste and group T: leachates from tanner}-
waste, each prepared w-ith neutral (N; pH 7.0), mildly acidic (M; pH 
4.93), and highly acidic (H; pi I 2.88) solvents. 
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Figure 8. Effects of flashlight battery factory (F) solid waste leachates 
on the distribution of D. melanogaster brain ganglia cells with different 
levels of D N A damage as measured by tail moment. 
Leachates were prepared with neutral (N; pH 7.0), mildly acidic (M; p H 
4.93) and highly acidic (H; pH 2.88) solvents. 
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Figure 9. Effects of flashlight battery factory (F) solid waste leachates 
on the distribution of D. melanogaster msA^X. cells with different levels of 
D N A damage as measured by tail moment. 
Leachates were prepared with neutral (N; pH 7.0), mildly acidic (M; pH 
4.93) and highly acidic (H; pH 2.88) solvents. 
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Figure 10. Effects of pigment plant (P) solid waste leachates on the 
distribution of D. me/anogaster brain ganglia (A) and midgut (B) cells with 
different levels of DNA damage as measured by tail moment. 
Leachates were prepared with neutral (N; pH 7.0), mildly acidic (M; pH 
4.93) and highly acidic (H; pH 2.88) solvents. 
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Figure 11. Effects of tannery (T) solid waste leachates on the 
distribution of D. melanogaster brain ganglia cells with different levels of 
DNA damage as measured by tail moment. 
Leachates were prepared with neutral (N; pH 7.0), mildly acidic (M; pH 
4.93) and highly acidic (H; pH 2.88) solvents. 
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Figure 12. Effects of tannery (T) solid waste leachates on the 
distribution of D. melanogaster midgut cells with different levels of DNA 
damage as measured by tail moment. 
Leachates were prepared with neutral (N; pH 7.0), mildly acidic (M; pH 
4.93) and highly acidic (H; pH 2.88) solvents. 
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Figure 13. Influence of dnasel, ligaselV, mei41 ^  nms201, mNs308 and rad54 on 
industrial solid waste leachates induced DNA damage in D. melanogaster as 
revealed by Comet assay in brain ganglia cells. 
Mutant strains without treatment (a, e, i, m, q and u for diiase2, ligasell \ mei41, 
mNs201 y mns308 and rad54, respectively); 2.0% FIT after 48h (b, f, j , n, r and v 
for dfiase2, /igaselV, mei41 ^  mMs201, mus^OS and rad54y respectively); 2.0° o PH 
after 48h (c, g, k, o, s and w for dnase2, /igasell\ mei41, mus201, mus308 and 
md54y respectively) and 2.0°'o TH after 48h (d, h, 1, p, t and x for dnasel, 
ligaselVy mei41, mus201, mus308 and nid54, respectively). Magnification 63X. 
Group F: leachate from flashlight batten^ factor}^ waste; group P: leachate from 
pigment plant waste and group T: leachate from tannen^ waste, each prepared 
with highly acidic (H; pH 2.88) solvent. 
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Figure 14. Influence of dnase2, /igaseU \ we/41, m/s201, mus308 and nid5i on 
industrial solid wastes leachates induced D N A damage in D.melanogaster as 
revealed by Comet assay in midgut cells. 
Mutant strains without treatment (a, e, i, m, q and u for dnase2, ligasell \ niei41, 
mus201, mus308 and rad54, respectively); 2.0° o FH after 48h (b, f, j , n, r and v 
for diicm2, ligaselV, mei41, mus201, musiOS and rad54, respectively); 2.0% PH 
after 48h (c, g, k, o, s and w for duase2, ligciseU \ mei41, mits201, mus308 and 
rad54, respectiveh) and 2.0° o TTI after 48h (d, h, 1, p, t and x for dimseZ, 
UgaseW \ mei41, mits201, mus308 and rad54, respectively). Magnification 63X. 
Group F: leachate from flashlight batten- factor}- waste; group P: leachate 
from pigment plant waste and group T: leachate from tannen- waste, each 
prepared with highly acidic (II; pH 2.88) solvent. 
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Figure 15. Effect of a flashlight battery factory waste leachate (F) on DNA 
damage (measured as tail moment) in the brain ganglia cells of DNA repair 
proficient and mutants strains of D. melanogaster\AXM-&!t. 
*p < 0.05 vs. control and p^ < 0.05 vs. OregonR'^. Leachate was prepared 
in highly acidic (H; pH 2.88) solvent. 
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Figure 16. Effect of a flashlight battery factory waste leachate (F) on DNA 
damage (measured as tail moment) in the midgut cells of DNA repair 
proficient and mutants strains of D. melanogaster\2itw2ie. 
*p < 0.05 vs. control and p^ < 0.05 vs. OregonR"^. Leachate was prepared 
in highly acidic (H; pH 2.88) solvent. 
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Figure 17. Effect of a pigment plant (P) leachate on DNA damage 
(measured as tail moment) in the brain ganglia cells of DNA repair 
proficient and mutants strains of D. melanogaster\^tv?Le. 
*p < 0.05 vs. control and p^ < 0.05 vs. OregonR"^. Leachate was prepared 
in highly acidic (H; pH 2.88) solvent. 
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Figure 18. Effect of a pigment plant (P) leachate on DNA damage 
(measured as tail moment) in the midgut cells of DNA repair proficient and 
mutants strains of D. melanogaster\zxN2Jt. 
*p < 0.05 vs. control and 'p < 0.05 vs. OregonR"*". Leachate was prepared 
in highly acidic (H; pH 2.88) solvent. 
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Figure 19. Effect of a tannery leachate (T) on DNA damage (measured as 
tail moment) in the brain ganglia cells of DNA repair proficient and 
mutants strains of D. me/anogasfer lurvae. 
*p < 0.05 vs. control and ^p < 0.05 vs. OregonR"^. Leachate was prepared 
with highly acidic (H; pH 2.88) solvent. 
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Figure 20. Effect of a tannery leachate (T) on DNA damage (measured as 
tail moment) in the midgut cells of DNA repair proficient and mutants 
strains of D. melamgaster larvae. 
*p < 0.05 vs. control and p^ < 0.05 vs. OregonR"^. Leachate was prepared 
with highly acidic (H; pH 2.88) solvent. 
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Figure 21. Schematic diagram of a model showing influence of different major 
DNA repairing enzymes on genotoxicit}' induced bv leachates m D. melaiiogcister. 
The model shows that leachates can attack DNA of the exposed organisms 
resulting in hvpersenskivtts- in cieficient strains either via ROS, generated bv 
them or directly their chemicals present m the leachates. TTT= I lyper sensitive 
against three leachates; t= h\ per sensitive against one leachate; * — ^^^ ^ = DNA 
fragments accumulate (jn higher DNA damage. 
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The work presented in this thesis derives some important conclusions that 
are presented below: 
1. All the three industrial solid waste leachates have the potential to induce 
cellular-, developmental-, reproductive- and genetic toxicity in the exposed 
Drosophila melanogaster. 
2. These wastes and their leachates were found to contain a number of heavy 
metals. 
3. These leachates, containing heavy metals, reveal ROS generating, hsp70 
inducing and DNA damaging potential in the exposed organisms. 
4. bsp70 expression in the leachates exposed larvae of transgenic D. melanogaster 
(hsp70-lacZ) measured by reporter gene assay suggests its utility as a tool for 
assessment of cellular toxicity. 
5. Upregulation of antioxidant enzymes viz. SOD and CAT in the exposed 
organisms indicates oxidative stress in them. 
6. HspVO along with antioxidant enzymes (SOD and CAT) having cyto-
protective functions may allow cells to adapt at mild ROS level in a 
cooperative manner in the exposed organism. 
7. Downregulation of Hsp70 at higher levels of ROS generation in the exposed 
organisms may lead to mitochondria-mediated caspase-dependent apoptotic 
cell death in them. 
8. HspTO may act as a sensor for the transmission of redox changes in the life 
of cells and thereby, might be a useful as a first tier biomarker of exposure 
against complex chemical mixtures. 
9. Delay in emergence of the flies and their shortening of life after exposure to 
these leachates indicate organismal effect of the toxicant in the order of 
group F > group T > group P, respectively. 
10. Reproductive assays (fecundity, fertility, reproductive performance) 
performed in male and female flies after exposure to the industrial solid 
waste leachates in different treatment combinations evoked a more 
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pronounced effect in males as compared to the females. 
11. Significant alterations in the ultrastructural morphology of the accessory 
gland of the male fly indicate adverse effects of the leachates during 
reproductive activities. 
12. Downregulation of two major accessory gland proteins (Acp36DE) and sex 
peptide (Acp70A) in the exposed organisms indicate the inhibitory effect of 
the chemicals present in the leachates on their normal activities leading to 
impaired egg production and sperm storage. 
13. Hsp70 expression in the testicular tissue along with its non-expression in 
accessory glands in the exposed organism leading to cellular damage, indicate 
its cyto-protective role. Lack of Hsp70 in the ovarian tissues in the exposed 
organisms and insignificant tissue damage in them is intriguing and remains 
to be explained. 
14. To assess the DNA damage caused by chemicals in the exposed organisms, 
alkylating agents (EMS, MMS, ENU and CP) were used to induce DNA 
damage by Comet assay in Drosophila. The study assumes significance due to 
the comparable effects of these agents observed in both fly and mammalian 
cells, confirming validation of modified version of Comet assay in fly for in 
vivo genotoxicity assessment. 
15. The above mentioned validated assay in fly using leachates from industrial 
solid wastes reveal their DNA damaging potential in the exposed organism 
in the order of group F > group T > group P. 
16. To examine the mechanism of genotoxicity of leachates, repair pathways 
were studied using different Drosophila strains deficient in DNA repair 
enzymes. Leachates evoked significantiy higher DNA damage in mus201 
(deficient in nucleotide excision repair protein), mus308 (deficient in protein 
for inter-strand crosslink and postreplication repair), mei41 (deficient in cell 
cycle check point protein), and rad54 (deficient in protein that joins double 
strand breaks by homologous recombination) as compared to repair 
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proficient strain OregonR"^ (wild type), indicating involvement of multiple 
overlapping pathways to process DNA damage. 
Even though much of the questions raised in the present study have been 
solved, several key questions remain relevant and yet to be solved: 
1. How much and how often are stress responses induced in natural 
populations exposed to industrial solid waste leachates? Do Hsp70 and 
other stress responses actually confer resistance to industrial chemical 
exposure in field condidons? 
2. Assay based on HspVO may overlook the presence of specific stressors 
because different agents induce different families of stress proteins with 
different efficiencies. In this context, the combination of several stress 
proteins may yield sufficient sensitive bioassays to understand the role of 
other Hsps in the exposed organisms. Efforts in this direction may lead to 
the recognition of stressor specific Hsps expression patterns. 
3. Involvement of caspase independent pathway, if any, during leachates 
induced apoptosis. 
4. Role of other accessory gland proteins such as Acp62F, Acp26Aa, 
Acp76A, Acp33A during reproductive impairment caused by leachates in 
the organisms. 
5. Further studies to evaluate and monitor waste disposal sites and industrial 
effluents are necessary to fully assess the wastes' genotoxic potential to 
flora and fauna. 
6. More DNA repair pathway mutants especially those genes represented as 
ortholog to mammals will be useful to elucidate the mechanism of DNA 
damage caused by the complex chemical mixture to the organism. 
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Abstract 
The study was aimed lo investigate Ihc eltetl ol leachales ot solid waste trom a flashlight battery lactory and a pigmi^ m plant 
on 70 kDa heat shock protein (Hsp70) expression, generation of reactive oxygen species (ROS), antioxidant enzymes activities and 
apoptosis in Drosophila Third instar larvae of Drosophila melanogaster transgenic for hsp70 (hsp70-lacZ) were fed on diet mixed 
with leachates of solid wastes (0 05-2 0%, v/v) released from two industnal plants at three different pHs (7 00 4 93 and 2 88) 
for 2-48 h A concentration- and time-dependent significant change in Hsp70 expression, ROS generation antioxidant enzymes 
activities and MDA content was observed in the exposed larvae preceding the antioxidant enzymes activities Mitochondria mediated 
caspase-dependent apoptotic cell death in the larvae exposed to 1 0 and 2 0% leachates of flashlight battery factory was concurrent 
with a significant regression in Hsp70 expression and a higher ROS generation A positive correlation drawn between ROS generation 
and apoptotic markers and a negative correlation between apoptotic markers and Hsp70 expression in these groups indicated the 
important role of ROS in the leachate-induced cellular damage Hsp7G along with antioxidant enzymes offered protection to the 
organisms exposed to all the tested concentrations of the leachates of pigment plant waste and 0 5% leachate ot flashlight battery 
factory in a cooperative manner when ROS generation was less induced Conversely, higher levels of ROS generation in the organisms 
treated with 1 0 and 2 0% leachate of flashlight battery factory after 24 and 48 h resulted in regression ot Hsp70 expression in them 
leading to cell death The study suggests that (1) leachates of flashlight battery factory waste more adversely affected the organisms in 
comparison to the leachates of pigment plant waste (2) Hsp70 may be used as a biomarker of cellular damage in organisms exposed 
to leachates (3) Cell based assays using D melanogaster as an in vtvo model may provide important mechanistic information about 
the adverse effect of xenobiotics 
© 2007 Elsevier Ireland Ltd All nghts reserved 
Keywords Leachates ROS Hsp70 Antioxidant enzymes LPO Apoptosis 
* Corresponding author Tel +91 522 2620207x219 fax +91 522 2628227 
E mail address dkarchowdhuri@rediffmail com (D K Chowdhun) 
' Present address Central Fuel Research Institute Dhanbad 828 108 India 
0009 2797/$ - see front matter © 2007 Elsevier Ireland Ltd All rights reserved 
doi 10 1016/jcbi2007 06 035 
Please cite this article in press as: H.R. Siddique et a).. Induction of biochemical stress markers and apoptosis in transgenic 
Drosophila melanogaster against complex chemical mixtures: Role of reactive oxygen species, Chemico-Biol Int (2007), 
doi:10.1016/j.cbi.2007.06 035 
+Model 
CBI-5466; No. of Pages 18 
H.R. Siddique et al. / Chemico-Biological Interactions xxx (2007) xxx-xxx 
1. Introduction 
Recent years have witnessed enormous importance 
in the use and application of biomarkers in molecular 
epidemiology and biomonitoring studies [1]. Changes 
in the natural environment generate stresses, which in 
turn may affect cellular homeostasis. The physiological 
condition of an organism under stress can be assessed 
using different biochemical and molecular markers like 
stress protein expression and antioxidant enzyme activ-
ities [2,3]- Cellular responses against such stresses are 
ubiquitous and essential mechanisms for survival. One 
of the responses against environmental stresses is the 
expression of a set of proteins called heat shock pro-
teins or stress proteins. Stress proteins have been shown 
to assist cells by transiently reprogramming cellular 
metabolic activity, acting as chaperones thereby protect-
ing cells from further oxidative and heat damage [4]. 
Among different heat shock proteins, the stress inducible 
heat shock protein 70 kDa (Hsp70) is well characterized, 
the most widely studied member of stress protein family, 
especially in response to proteotoxicity or/cytotoxicity 
[5]. Expression of Hsp70 and other stress proteins have 
been studied in the context of individual environmen-
tal chemical exposure to display potential as a candidate 
biomarker [2,5,6]. Conversely, Hsp70 expression stud-
ies are limited in complex chemical mixture exposure 
conditions. 
Aerobic organisms possess both enzymatic and non-
enzymatic defenses to cope with reactive oxygen species 
(ROS) [7]. Key antioxidant enzymes are super oxide 
dismutase (SOD), catalase (CAT) and glutathione per-
oxidase (GPx). Activities of these enzymes have been 
reported to be influenced by various single environ-
mental chemicals known to increase ROS levels [7,8]. 
Recently, it has been shown that complex chemical mix-
tures, i.e. leachates induced oxidative stress in plants and 
aquatic organisms [9,10]. However, limited information 
is available on the oxidative stress inducing effect of 
leachates on terrestrial organisms. 
Environmental chemicals causing cell death in the 
exposed organisms by necrosis was an earlier belief 
[11]. Recently, it has been shown that different envi-
ronmental chemicals can trigger apoptotic cell death 
in the exposed organisms [8]. Apoptosis, a regulated 
form of cell death and essential for normal development 
and tissue homeostasis, in its altered form, can cause a 
variety of pathological conditions [12]. Both in normal 
and during exposure to environmental chemicals, mito-
chondrial dysfunction and loss of inner mitochondrial 
membrane potential (Ai/'m) were observed as one of the 
key features of apoptosis [11,12]. This is followed by 
changes in nuclear and cellular morphology, DNA nick-
ing, externalization of phosphatidyl serine (PS) on the 
outer plasma membrane and activation of caspases [13]. 
It is pertinent to mention that ROS has been projected as 
one of the key signaling molecules to induce apoptosis 
[8]. How far it holds true during exposure to complex 
chemical mixtures warrants investigation. 
Leachate is generated when excess rainwater per-
colates through the solid waste layers and contains 
a number of hazardous chemicals. Chemicals present 
in the leachates have certain common properties such 
as environmental persistence, toxicity, mobility and 
lipophilicity, resulting in bioaccumulation in food webs 
[14]. Hazard assessment of landfill leachates by chemical 
analysis only is difficult because a number of chemi-
cals may escape the analytical windows. Significantly, 
chemical analyses do not reveal complex interaction 
phenomena. Contrary to chemical analysis, bioassays 
integrate the biological effects of all the ingredients 
present in a leachate that include factors such as bioavail-
ability, antagonism or synergism. Recently, it has been 
emphasized that complex mixture be assessed for risk 
assessment due to its commonality in environment [15]. 
In India, improper management of disposal sites of 
the industrial wastes, inadequate information about the 
impact of these wastes on environment and post-disposal 
behavior may lead to serious health concerns. 
The present study was conducted to examine the 
expression of stress gene hsp70, ROS generation, pri-
mary antioxidative defense enzymes and cell death 
caused by leachates of industrial solid wastes. We 
further explored to draw correlation, if any, existing 
among ROS generation, Hsp70 expression and apop-
totic markers under similar experimental condition. 
Drosophila was chosen as a model organism because of 
its well-documented genetics and developmental biol-
ogy. Moreover, its genome can be easily manipulated by 
P-element mediated germ line transposition. The model 
raises fewer ethical objections and falls within the rec-
ommendation of European Centre for the Validation of 
Alternative Methods (ECVAM) [16]. During the last 
decade, the model has been used extensively in toxico-
logical studies [17,18] drug discovery, and in unraveling 
pathway genes of human disease [19]. 
2. Materials and methods 
2.1. Fly strain 
Bg^ is a strain of Drosophila melanogaster transgenic 
for hsp70 used during the study. In this strain (hsp70-
lacZ) llOObp of upstream sequences of hsp70 tagged 
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with the coding sequence of P-galactosidase (reporter 
gene) has been integrated in the genome through germ 
hne transformation [20]. Flies and larvae were reared 
on standard Drosophila diet at 22 ± 1 °C containing 
agar-agar, maize powder, sugar, yeast, nepagin (methyl-
/7-hydroxy benzoate) and propionic acid. Additionally, 
yeast suspension was provided for healthy growth of the 
organisms. 
2.2. Soil and solid waste collection and leachate 
preparation 
Industrial solid wastes collection by randomized sam-
pling technique is important in the assessment of their 
toxicity because the composition and physiochemical 
state varies from one collection point to another [18,21]. 
Wastes generated by a flashlight battery factory (F) and a 
pigment plant (P) were collected from the waste disposal 
dumps in the vicinity of Lucknow city, India. Control 
soil (non-agricultural and non-industrial, presumed to 
be non-contaminated) was collected from the vicinity 
of the institute and referred to as group S. Five ran-
domly collected samples from each site were pooled and 
homogenized to make a single representative sample for 
each group. 
The Toxicity Characteristics Leachate Procedure 
(TCLP) [22] was adopted for preparation of 10% 
leachates from soil and the industrial solid wastes at 
three different pHs, viz., pH 7.00 (in MilliQ water, neu-
tral), pH 4.93 (in 5.7mL glacial acidic acid-1-64.3mL 
IN NaOH + 930mL MilliQ water; mildly acidic) and 
pH 2.88 (in 5.7 mL glacial acetic acid + 994.3 mL MilliQ 
water; highly acidic). The different pH leachates were 
referred to as N, M and H, respectively. 
2.3. Metal analysis in soil and solid wastes and 
their leachates 
Eleven metals were analyzed in the soil and solid 
wastes according to the method 3050B of the U.S. 
Environmental Protection Agency [23]. Metals in the 
leachates were analyzed following method of Cleseeri 
et al. [24]. The concentrations of metals were estimated 
using an inductively coupled plasma atomic emission 
spectrophotometer (Thermo Electron Corp., Madison, 
WI, USA). 
2.4. Treatment of the larvae 
Third instar larvae were grown on standard 
Drosophila food containing 0.05, 0.1, 0.5, 1.0 and 2.0% 
of the leachates at three different pHs prepared from the 
two industrial wastes. Four control groups were included 
in the study viz., negative, positive, vehicular control 
(VC) and soil control. While larvae given standard diet 
were designated as negative control; the organisms given 
temperature-shock at 37 ± 1 °C were used as a positive 
control for hsp70 induction. VC groups received food 
mixed with 2.0% solvent and soil control groups (SN, 
SM and SH) received diet containing 2.0% respective 
leachates. 
2.5. hsp70 promoter induction experiments 
Larvae fed on diet mixed with different concentra-
tions of leachates of industrial solid wastes for 2-48 h 
were washed thoroughly with Poels' salt solution (PSS) 
[25], and processed for hsp70 expression studies as 
described below. 
2.5.7. Soluble 0-nitrophenyl-p-D-
galactopyranoside (ONPG) assay (quantitative) 
A modified version [26] of the method described 
earlier [27] was followed. Larvae were taken in a 
microcentrifuge tube (20 larvae/tube used as one experi-
mental unit and 5 replicates/concentration/time point), 
permeabilized in acetone and incubated overnight m 
ONPG staining buffer. After incubation, the reaction was 
stopped by adding 1 M Na2C03. The extent of reaction 
was quantified by measuring the absorbance at 420 nm 
on Cintra 20 GBCUV spectrophotometer (GBC Scien-
tific Equipment, Melbourne, Australia). 
2.5.2. In situ histochemical fi-galactosidase activity 
(qualitative) 
The method of O'Kane and Gehring [28] was 
followed with minor modifications [17]. 50-55 lar-
vae were explanted in PSS, fixed in glutaraldehyde. 
washed with phosphate buffer (pH 8.0) and subsequently 
stained with X-gal (5-bromo-4-chloro-3-indolyl-|3-D-
galactoside. Bangalore Genei Pvt. Ltd., Bangalore, 
India). Intensity of staining was examined under a micro-
scope. 
2.5.3. In situ whole organ immunohistochemistry 
for native Hsp70 
A modified version of the method described ear-
lier [29] was followed. Explanted tissues of the third 
instar larvae of Bg', after fixation in glutaraldehyde and 
permeabilization in PBS with Triton X-100 (PBST), 
were incubated in 7Fb rat monoclonal Hsp70 (1:200) 
(specific for D. melanogaster inducible Hsp70) [30]. 
Subsequently, the same were challenged with horse-
radish-peroxidase (HRP) conjugated rabbit anti rat 
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secondary antibody (1:300) (Bangalore Genei Pvt. 
Ltd., Bangalore, India) followed by staining with 
chromogenic substrate Diaminobenzidine (DAB) as 
described previously by Sambrook et al. [31 ]. 
2.6. Assay of oxidative stress markers 
To evaluate the oxidative damage caused by the indus-
trial solid waste leachates in the exposed larvae, ROS 
generation, SOD, CAT activities and MDA content were 
assayed. Enzymes and MDA content were assayed using 
10% larval tissue homogenate and ROS generation was 
measured in cell suspension. 
Larval tissues were homogenized in cold 0.1 M phos-
phate buffer (pH 7.4) containing 0.15 M KCl to obtain 
10% homogenate and the supernatant following cen-
trifugation at 10,000 g was used both for assays and for 
protein estimation. 
Midgut tissues of larvae were incubated in coUage-
nase (0.5 mg/mL) for 15 min and passed through a 60 ^m 
nylon mesh to obtain unclumped dispersed cells. Colla-
genase was removed by washing the cells gently with 
PBS. Cells were finally resuspended in PBS to make a 
final volume of 500 JJLL for analysis. 
2.6.1. Measurement of ROS 
Intracellular ROS was measured using a dye, 2',7'-
Dichlorofluorescein diacetate (DCFH-DA; Sigma, St. 
Louis, MO, USA). One hour before the cells were har-
vested, the dye was added in Schneider's Drosophila 
medium containing cells to a final concentration of 
10M.M (Invitrogen, NY, USA) at 24 °C in dark. Cells 
were then harvested in PBS and analyzed immediately 
by FACScan equipped with 488 nm laser (Becton Dick-
inson, San Jose, CA, USA). For analysis, 15,000 events 
were recorded and results were expressed as mean fluo-
rescence intensity. 
2.6.2. Superoxide dismutase (SOD) 
(superoxide:superoxide oxidoreductase EC 1.15.1.1) 
We followed the method described previously [32] 
with minor modification [6] for the estimation of 
cytosolic Cu-Zn SOD. The assay mixture consisted of 
sodium pyrophosphate buffer, phenazine methosulphate, 
nitroblue tetrazolium, reduced nicotinamide adenine 
dinucleotide and the larval homogenate. One unit of 
enzyme activity is defined as the enzyme concentra-
tion required to inhibit chromogen production (optical 
density 560 nm) by 50% in 1 min under assay condi-
tion and expressed as specific activity in units/min/mg 
protein. 
2.6.3. Catalase (CAT) (H202:H202 oxidoreductase 
EC 1.11.1.6) 
CAT activity was measured by following the ability of 
the enzyme to split H2O2 within one minute incubation. 
The reaction was stopped by adding dichromate/acetic 
acid reagent (1:3 by volume) and the remaining H2O2 
was determined by measuring chromic acetate at 570 nm 
as described previously [33]. 
2.6.4. Assay for lipid peroxidation (LPO) 
MDA content as a measure of LPO level was assayed 
using tetraethoxypropane as an external standard [34], 
Lipid peroxide level was expressed in terms of nmoles 
MDA formed/h/mg protein. 
2.6.5. Protein estimation 
Protein was estimated following the method of Lowry 
et al. [35], using protein estimation kit (Bangalore Genei, 
Pvt. Ltd., Bangalore, India). 
2.7. Dye exclusion test 
Tissue damage, if any, after exposure of the organisms 
to the leachates was assayed by dye exclusion test [29). 
Explanted larval tissues were immersed in trypan blue 
(0.2 mg/mL in PBS) for 30 min and washed with PBS and 
scored for trypan blue positive tissues. For each group, 
30-40 larvae were scored. 
2.8. Assay to detect apoptosis 
To investigate apoptotic potential of leachates, midgut 
tissues of control and treated larvae were dissected out 
for measurement of different endpoints: 
2.8.1. Mitochondrial membrane potential (A'Pm) 
Mitochondrial membrane potential was determined 
using JC-1 fluorescent probe (5,5',6,6'-tetrachloro-
1 ,r,3,3' tetraethylbenzimidazolyl carbocayanine iodide; 
Invitrogen, NY, USA) that detects mitochondrial depo-
larization by an increase in green fluorescence (FLl). 
Approximately 5x10^ cells were incubated in Schnei-
der's Drosophila medium containing 10|xM JC-1 dye 
for 30 min and A^ni was examined in 10,000 cells by 
FACScan. The data were expressed as the percent of 
depolarized mitochondria. 
2.8.2. Terminal deoxynucleotidyl transferase 
mediated dUTP nick end labeling (TUNEL) assay 
Midgut tissues of control and treated larvae of Bg^ 
were fixed in freshly prepared glutaraldchydc (2.5%) and 
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permeabilized in PBS with Triton X-100 (PBST). Sub-
sequently, labeling and staining were performed using 
"In situ cell death detection kit" essentially following 
manufacturer's protocol (Roche, Mannheim, Germany). 
TUNEL positive cells were scored under light micro-
scope. Hundred fifty cells were examined from each 
group by randomized manual counting (25 cells/gut 
tissue and 2 gut tissues/experiment and 3 experi-
ments/group/time point). 
2.8.3. Flow cytometric determination of cellular 
Grim, Hid, Rpr and Drice 
We measured Grim, Hid (head involution defec-
tive) and Rpr (reaper) (initiator of apoptosis) and Drice 
(Drosophila ICE, an orthologue to mammalian caspase-
3) in control and treated larval cells. Cells were fixed 
in PBS containing 0.25% para-formaldehyde for 1 h at 
4°C and permeabilized in PBS containing 0.1% Tri-
ton X-100 (PBST) for lOmin at 24 °C. Cells were then 
incubated in primary polyclonal antibody against Grim, 
Hid and Rpr (1:50, Santa Cruz Biotech, CA, USA) 
and Drice (1:50) for Ih at 4"C. Subsequently, cells 
were stained with FITC conjugated secondary antibody 
(1:100) (rabbit anti goat IgG for Grim, Hid and Rpr 
and goat anti rabbit IgG for Drice; Sigma, St. Louis, 
MO, USA) for 1 h at 4 °C. Cells after washing in PBS 
three times were analyzed by FACScan. For each sample, 
10,000 events were counted and results were expressed 
in terms of percent positive cells expressing the particular 
protein. 
2.8.4. Phosphatidylserine (PS) externalization 
assay 
Cells were stained with Annexin V-FITC and pro-
pidium iodide (PI) following essentially manufacturer's 
protocol (HMD Biosciences, Darmstadt, Germany). For 
each treatment group, 10,000 events were acquired 
in flow cytometer for analysis with Cell Quest soft-
ware. Cells stained positively by Annexin V and 
negatively for PI (early apoptotic) and both posi-
tively for Annexin V and PI (late apoptotic) were 
counted. 
2.8.5. Colorimetric assay for caspase-9 (Drone; 
Drosophila Nedd 2-like caspase) and caspase-3 
(Drice) activities 
Caspase activities were measured in control and 
treated larvae using synthetic tetrapeptide substrates 
labeled withp-nitro anilide (pNA). A modified version of 
the protocol described by the manufacturer (Bio-Vision, 
CA, USA) was followed. The assay mixture consisted 
of 10% tissue homogenate, 50|JLL of chilled cell lysis 
buffer, 50|JLL of 2X reaction buffer containing dithio-
threitol (DTT) and 200 |j,M substrate (DEVD-pNA, and 
lETD-pNA for Drice and Drone, respectively). Follow-
ing incubation at 37 °C for 1.5 h, the absorbance of 
colored product was measured at 405 nm on a Cintra 
20 ultraviolet spectrophotometer. 
2.8.6. Electron microscopy in larval gut tissue 
Midgut tissues dissected from third instar larvae of 
control and treated groups were fixed in a solution of glu-
taraldehyde and paraformaldehyde in cacodylate buffer, 
post-fixed in osmium tetroxide, dehydrated in an ascend-
ing series of ethanol and embedded in epon 812 and 
Araldite plastic mixture. After polymerization, ultra-
thin sections (50-70 nm) were obtained using an Ultra 
Cut UCT ultra-microtome (Leica, Wien, Austria) and 
picked up on 200 mesh copper grids. The sections were 
double stained with uranyl acetate and lead citrate and 
analyzed under a FEI Tecnai 12 Twin Transmission Elec-
tron Microscope equipped with a SIS MegaView IICCD 
Camera at 80 kV (Eindhoven, Netherlands). 
2.9. Statistical analysis 
Statistical significance of the mean values for differ-
ent parameters was monitored in control and exposed 
larvae using Two Way ANOVA followed by Bonfer-
roni's test for multiple comparisons after ascertaining 
the homogeneity of variance and normality of data. We 
considered each endpoint as dependent variable and 
concentration and time of exposure as independent vari-
ables. /7<0.05 was considered statistically significant. 
Pearson's correlations were calculated and then linear 
regression analysis was carried out. Prism computer pro-
gram (GraphPad version 4.0, San Diego, CA, USA) was 
used for statisfical analysis. 
3. Results 
The final pH of the Drosophila food mixed with the 
mildly and highly acidic leachates prepared from indus-
trial solid wastes was found to be between 6.0 and 6.5. 
During the course of study, no clear signs of toxicity 
were observed in the exposed organisms except in those 
exposed to 2.0% leachates of FH displayed sluggish 
movement after 48 h exposure. 
Vehicular control (VC) and soil control leachates did 
not show any significant alteration in any of the end-
points measured as compared to control. Hence, only 
control was included for comparison at all the data 
points. 
Please ,cit& Ais article in press as: H.R. Siddique et al., Inductioni of biochemical stress markers and apoptosis in transgenic 
Drosophila meUaiogaster against complex chemical mixtures: Role of reactive oxygen species, Chemico-Biol. Int. (2007), 
doi: 10.1016/j.cbi,2007.06.035 
+Model 
CBI-5466; No. of Pages 18 
H R Siddique et al / Chemico-Biological Interactions XXJC (2007) XXX-XAX 
Table 1 
Metal analysrs of control soil, solid wastes and their leachates 
Groups 
Soil 
SN 
SM 
SH 
Metals 
As 
BDL 
BDL 
BDL 
BDL 
Flashlight battery factory 
SWl 
FN 
FM 
FH 
0 05 
0001 
0001 
0001 
Pigment plant waste 
SW2 
PN 
PM 
PH 
0 570 
BDL 
BDL 
0 01 
Cd 
BDL 
BDL 
BDL 
BDL 
waste 
0 66 
0 02 
0 23 
0 26 
1 88 
BDL 
0 07 
0 75 
Cr 
BDL 
BDL 
BDL 
BDL 
3 63 
0 04 
0 08 
0 69 
9 04 
0 14 
031 
0 67 
Cu 
4 45 
0 01 
0 12 
0 27 
4800 
5 50 
255 6 
365 2 
BDL 
BDL 
BDL 
BDL 
Fe 
79 80 
0 054 
0 005 
001 
789 0 
BDL 
BDL 
BDL 
306 85 
BDL 
0 02 
0 98 
Hg 
0 76 
BDL 
0 002 
0 005 
0 16 
0 004 
0 002 
0 007 
0 42 
BDL 
0 005 
0 005 
Mn 
143 
BDL 
0 003 
0 007 
4 20 
0 04 
0 86 
157 
6 49 
001 
0 12 
150 
Ni 
BDL 
BDL 
BDL 
BDL 
3 25 
0 10 
1 10 
1 69 
1 30 
0 02 
0 13 
0 29 
Pb 
BDL 
BDL 
BDL 
BDL 
1507 
0 34 
187 2 
206 6 
157 0 
0 20 
88 88 
93 50 
Se 
1 32 
BDL 
0 002 
0 004 
0 30 
0 001 
0 002 
0 003 
0 39 
BDL 
0 002 
0 003 
Zn 
21 98 
0 01 
0 09 
1 09 
88 40 
0 09 
17 28 
41 62 
456 3 
0 17 
M)9 
50 0 
Leachates from control soil (S) and waste generated by a flashlight battery factory (group F) and a pigment plant (group P) Values are given in jjig/g 
for solid wastes and p.g/mL for leachates, S soil control SW solid waste, BDL, below detection limit, SN FN and PN prepared in neutral solvent 
(pH 7 00), SM FM, and PM prepared in mildly acidic solvent (pH 4 93), SH FH and PH prepared m highly acidic solvent (pH 2 88) 
3 1 Leachates contain heavy metals 
Table 1 shows the presence of eleven metals ana-
lyzed in control soil and industrial solid wastes and their 
respective leachates Cu as the major metal along with 
Mn, Ni, Pb and Zn as other metals were detected in the 
flashlight battery factory leachates Cd, Cr, Mn, Pb and 
Zn were detected as the major metals in the leachates 
from the pigment plant Control soil leachates contained 
only Cu, Fe, Hg, Se and Zn in trace quantities The con-
centrations of metal ions were found to be the highest 
m the leachates prepared with highly acidic solvent and 
the least m those prepared with neutral solvent 
3 2 Leachates of industrial wastes induce hsp70 
expression in the exposed organisms 
To determine, whether leachates induce hsp70 in 
the third instar larvae of Bg^, 3-galactosidase activity 
was measured both quantitatively and qualitatively A 
concentration- and time-dependent significant (p < 0 05) 
change in (i-galactosidase activity was observed in the 
treated groups (Fig 1) Larvae exposed to 1 0 and 2 0% 
leachates of flashlight battery factory waste (FN, FM 
and FH) exhibited a maximum p-galactosidase activ-
ity after 4 h treatment (a 2 9-, 3 7- and 4 1-fold increase 
in 3-galactosidase activity was observed in FN, FM and 
a4h B6h D:2h D24h D48h 
Control FN 0 5% FN I 0% FN 2 0% FM2 0% FM 1 0% FH 2 0% PM 1 0% PM 2 0% PH 1 0% 
Groups 
Fig 1 Soluble ONPG assay showing (J galactosidase activity in control and leachates exposed third instar larvae of Bg' for 2-48 h Group F 
leachates Irom llashlight battery laclory waste and group P leachates Irom pigment plant waste Leachates were prepared with neutral (N pH 7 0) 
mildly acidic (M pH4 93) and highly acidic (H pH 2 88) solvents Data represents mean ± S E (n = 5) *p<0 05 signihcantvs control i/)<0 05 
signihcant decline vs 4h 
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Table 2 
Summary of Hsp70 expression oxidative stress and apoptotic markers in leachates exposed third instar larvae of D melanogaster (Bi; ) 
Treatment groups and exposure time HspTO Oxidative stress markers Protein Apoptotic endpoints PS externali/ation 
ROS CAT 
and LPO and SOD 
A'Pm and Hid Rpr Caspase "? 
TUNEL and Grim and 9 
FH 0 I % 24-48 h 
FN FH0 5%2-4h 
6h 
12h 
FN FM0 5%24^8h 
FH0 5%24^8h 
FN FH I 0% 2 ^ h 
FN 1 0% 6 h 
FM FH I 0%6h 
FN FH 1 0% 12 h 
24-48h 
FN 2 0% 2 ^ h 
6-12h 
24-48h 
FM FH2 0%2h 
4h 
6h 
12h 
24-48h 
PM I 0% 24-48 h 
PH I 0%6-12h 
24-48 h 
PM & PH 2 0% 4-6 h 
12-24h 
PM 2 0% 48 h 
PH 2 0% 48 h 
1 
t 
t 
t 
t 
r 
t 
t ; 
t ; 
t i 
; 
t 
n 
I 
t 
t 
t i 
t i 
i 
t 
t 
t 
t 
t 
t 
t 
_ 
t 
t 
t 
t 
-
t 
t 
t 
t 
-
t 
t 
-
t 
t 
t 
t 
-
-
t 
-
t 
t 
T 
_ 
-
t 
t 
t 
-
-
t 
t 
t 
-
t 
t 
-
-
t 
t 
t 
-
-
t 
-
t 
t 
•^ 
i t 
i t 
t 
t 
t Significant induction t i not significant decline, i significant decline and - insignificant vs control Group designations as defined in TihJL 
Significance is ascribed as p < 0 05 
FH groups, respectively, at 2 0% leachate concentration) 
(Fig 1) In these groups, (B-galactosidase activity was 
found to be signihcantly {p<0 05) regressed after 24h 
as compared to that after 4 h (a 0 9-, 1 3- and 1 9-fold 
decline in P-galactosidase activity was observed in the 
exposed larvae, respectively) (Table 2 and Fig 1) Lar-
vae exposed to 1 0 and 2 0% leachates of pigment plant 
waste prepared with mild and highly acidic solvent (PM 
and PH) exhibited a signihcanl upregulation in their (i-
galactosidase activity with an increase in the leachate 
concentration and a decrease in exposure time (Fig I) 
Temperature-shocked larvae showed a signihcani indue-
w 
Fig 2 In iitu histochemical fi galactosidase staining pattern in the tissues of third instar larvae of Bj;' in control (a) temperature shocked (b) 2 0% 
FHfor4h(c) 24h (d) and 48h (e) bg brain ganglia sg salivary gland pv proventriculus mg midgut hg hindgut Ml Malpighian tubules Bar 
represents 200 ;jLm 
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tion of p-galactosidase activity (8.5-fold increase) (data 
not shown). 
Fig. 2a-€ siiows tissue wise P-galactosidase staining 
in control, temperature-shocked and larvae treated with 
leachate of FH group for various time intervals. Larvae 
exposed to 1.0 and 2.0% leachates of FN, FM and FH 
groups exhibited a moderate to dark blue staining in their 
salivary gland, proventriculus, brain ganglia, midgut and 
hind gut with a maximum staining in the above tis-
sues after 4 h and a weak staining after 24 h (Fig. 2c-e) 
(figs, for FN and FM groups not shown). Temperature-
shocked larvae showed a maximum blue staining in their 
tissues (Fig. 2b). PN, PM and PH leachates exposed lar-
vae showed a similar staining pattern in their tissues and 
comparable with the observation of quantitative assay 
(fig. not shown). 
To examine, whether the reporter gene assay reflects 
native Hsp70 expression, in situ immunohistochemistry 
using Hsp70 antibody was carried out. Hsp70 expression 
m control and treated larvae were comparable to that 
observed with reporter gene assay (Fig. 3a-c). 
3.2.1. Leachates evoked an increased level of 
intracellular ROS in the exposed larvae ofBg 
To investigate whether the leachates induce ROS 
generation in the exposed organisms, oxidation of 
dichlorofluorescin (DCF) was monitored by flow cytom-
etry (Fig. 4A and B). ROS generation in control and in 
the organisms treated with 0.05-0.1% leachates of FN, 
FM and FH and 0.05-2.0% leachates of PN was com-
parable to that of control. In the rest of the groups, a 
significant concentration- and time-dependent increase 
in ROS generation with an increase in leachate con-
centration along with a decrease in exposure time was 
observed. For example, while larvae exposed to 1.0% 
leachate of FH group showed a significant increase 
(1.7-fold) in ROS generation after 6h, larvae of this 
group after 2.0% leachate treatment exhibited 1.5-fold 
increase in ROS generation after 4h. While we are able 
to draw a positive correlation (r=0.95) between ROS 
generation and Hsp70 expression in 0.5% FN, FM and 
FH leachates treated organisms, a negative correlation 
was drawn in these groups (r= —0.36) at higher dietary 
leachate concentrations (1.0-2.0%) (Table 3). However, 
a positive correlation was drawn between ROS genera-
tion and Hsp70 expression in PN, PM and PH leachates 
treated larvae only at the highest leachate concentration 
(r = 0.78)(Table3). 
3.2.2. Effect of leachates on oxidative stress 
markers in the exposed organisms 
Fig. 5A-C shows antioxidant enzyme activities (SOD 
and CAT) and MDA content in the control and treated 
organisms. Larvae exposed to 0.5% leachates of FN, FM 
and FH exhibited a significant increase (p < 0.05) in their 
SOD activity after 12h. With an increase in the dietary 
concentration of the leachates (1.0-2.0%), larvae of the 
same group revealed a significant {p<Q.Q5) increase in 
SOD activity after 6 h. However, larvae treated with 2.0% 
leachates of PM and PH exhibited a significant induction 
Fig. 3. In siti4 immunohistochemistry using anti-Hsp70 antibody m the larval tissues of third mstar larvae of fij;^ in control (a), temperature-shocked 
(b) and 2.0% FH for 4 h (c). Bar represents 200 jjim. 
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Fig. 4. Effects of leachates on ROS generation in midgut cells of fig' larvae showing How cytometnc representation (A) in control and 2 0% FH 
for 2, 4 and 6h (a) and l.Wc FH for 12, 24 and 48 h (b). Mean fluorescent intensity indicating ROS generation in control and treated groups are 
represented in (B). Group designations similar to Fig. 1. Data represents meaniS.E. (H = 3) Significance is ascnbed as V<0.05 vs. control 
Table 3 
Correlation among ROS generation, Hsp70 expression, oxidative stress and apoptotic markers in the third instar larvae of Bj;' exposed to leachates 
Group Regression equation Correlation (r) 
0.95 
0.91 
0.90 
-0.36 
-0.47 
-0.43 
-0.58 
-0.55 
-0.82 
-0.93 
0.95 
0.96 
0.97 
0.91 
0.88 
0.98 
0.78 
0.97 
0.92 
Probability (p) 
<0.0001 
<0.0001 
<0.0001 
0.1374 
0.053 
0 081 
0.012 
0.0191 
<0.0001 
<0.0001 
<0.0001 
<0.0001 
<0.0001 
<0.0001 
<0.0001 
<0 0001 
<0.0001 
<0.0001 
<0.0001 
F 
154 95 
72.67 
68.49 
2.45 
4.38 
3.462 
7.96 
6.79 
32.59 
96.99 
135.22 
201.67 
239.88 
71.26 
53.70 
465.65 
171.21 
225.00 
93.70 
0.5% Group F 
2.0% Group F 
2.0% Group P 
rH = 0.0121A'R + 0.152 
rsoD=15.087A'H +1.1448 
) 'CAT=1565.6XH-286.87 
Y» = -0.0053XR + 0.475 
>'sOD = -!2.04A-H + 9.53 
1'CAT = -688.56A'H +528.61 
yA = -158.25XH +86.21 
yAi/' = -105.64XH +70.70 
Kp = -0.128A'R+6.99 
KA = -23.73A:P+144.18 
1'SOD = 0 . 3 6 X R - 0 . 6 0 
>'CAT = 22 .87XR-86 .99 
KLPO = 0.48XR + 1.23 
/R = 2.54A-A.;. - 9.29 
KA = 3.5 IXR-29 .04 
FA = - 1 5 8 . 2 5 A ' A ^ +86.21 
yH = 0.00205XR +0.045 
ysoD=13.35A-H-0.041 
F C A T = 1 4 9 5 . 2 X H - 191.7 
R' mean fluorescence intensity for ROS; H: Hsp70 expression as measured by p-galactosidase activity; Ai^: % depolarized mitochondria; P: 
protein (mg/mL), SOD: super oxide dismutase activity (units/min/mg protein); CAT: catalase activity ((j.moles H202/min/mg protein); LPO lipid 
peroxidation (nanomoles MDA/h/mg protein). Leachates from the waste generated by a flashlight battery factoiy (group F) and a pigment plant 
(group P) 
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Groups 
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Groups 
Fig. 5. Antioxidant enzyme activities and MDA content m control and treated larvae of Bg^, showing SOD activity (A), CAT activity (B) and MDA 
content (C). Group designations similar to Fig. 1. Data represented are mean ±S.E. (n = 3) Significance is ascrihcd as *p<0.05 vs control 
(p<0.05) of their enzyme activity after 12h. We also 
observed a significant increase in the CAT activity of the 
exposed larvae similar to that observed for SOD activity 
in the above mentioned groups (Fig. 5B). 
A significant change in MDA content was observed in 
the larvae exposed to the leachates of FN, FM, FH, PM 
and PH groups as compared to control (Fig. 5C). Lar-
vae exposed to 0.5-2.0% leachates of FN, FM and FH 
groups exhibited a concentration- and time-dependent 
significant increase m their MDA content after 6-48 h 
exposure in comparison to control except in FH group, 
where a significant {p<0.05) MDA content was evi-
dent after 4h at 2.0% leachate concentration. While a 
significant ROS generation was concurrent with a sig-
nificant augmentation in MDA content in the exposed 
larvae, a significant upregulation of SOD and CAT activ-
ities in them appeared later (Table 2). We were able to 
draw a strong positive correlation between ROS level 
and antioxidant enzymes activities and MDA content in 
the exposed organisms (r=0.95 with SOD and r = 0.96 
with CAT and r=0.97 with MDA content) (Table 3). 
3.3. Proteotoxicity in leachates exposed larvae of 
Fig. 6 shows total protein content in control and 
treated larvae. Larvae exposed to 1.0 and 2.0% leachates 
of FN, FM and FH showed a significant {p < 0.05) decline 
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Fig 6 Total protein content in control and leachates treated larvae of B '^* Group designations similar to Fig 1 Values are mean ± S E (« = 1) 
Significance is ascribed as *p < 0 05 vs control 
in their total protein content after 24 and 48 h exposure in 
concurrence with a significant decline in Hsp70 expres-
sion and a significant increase in ROS generation. In 
these groups, we drew a significant negative correlation 
between total protein content and ROS levels (r= —0.82) 
(Table 3). 
3.4. Compromised Hsp70 expression evoked tissue 
damage in the exposed organisms 
A number of reports suggested that compromised 
HspVO expression and increased intracellular ROS level 
lead to tissue damage or apoptosis [7,8,29]. Therefore, 
to examine the above possibility, we performed trypan 
blue dye exclusion assay in the exposed organisms. Lar-
vae exposed to 1.0 and 2.0% leachates of FN, FM and 
FH groups for 24 and 48 h exhibited a moderate to dark 
blue staining in their gut tissues, respectively (Fig. 7a-c) 
(figs, for FN and FM groups not given). 
3.5. Induction of apoptosis 
Larvae exposed to leachates exhibited trypan blue 
positive cells. This led us to explore the probability of 
apoptotic damage. 
3.5.1. Leachate-induced apoptosis is associated 
with loss of mitochondrial membrane potential 
(A^m) and DNA nicking 
Fig. 8 A and B shows the effect of the industrial waste 
leachates on loss of A^m m the exposed larvae. Larvae 
exposed to 1.0 and 2.0% leachates of flashlight battery 
Fig 7 Trypan blue staining in the tissues of third instar larvae of Bg in control (a), 1.0% FH after 24 h (b) and 2 0% FH group after 48 h (c) sg 
salivary gland, pv proventriculus, mg midgut, hg hind gut. Mt Malpighian tubules Bar represents 200 |xm 
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Fig 8 Mitochondria transmembrane potential (A*n,) in the midgut cells of normal leachales treated larvae of Bg^ (A and B) (A) depiets How 
cytometric representation in control (a), 2.0% FHfor 24h (b) and for 48 h (c). Group designations similar to Fig 1 Values are mean ± S E of three 
identical expenments and significance is ascnbed as *p<0.05 vs. control 
solid waste (FN, FM and FH) showed a concentration-
and time-dependent significant loss of A^'^ in their 
cells as evidenced by an increase in green fluorescence 
(Fig. 8A and B). Larvae exposed to 2.0% leachate of PH 
group exhibited a significant loss of A "^ m only after 48 h. 
While a strong positive correlation was drawn between 
loss of A'/'m and ROS generation in the exposed organ-
isms (r = 0.91), a negative correlation was drawn with 
Hsp70(r=-0.55) (Table 3). 
The DNA nicking, an early characteristic feature of 
apoptosis was assayed in the midgut tissues of control 
and treated larvae by TUNEL assay. DNA nicking was 
evident in the larvae treated with leachates of FN, FM, 
FH and PH groups. The trend of TUNEL positive cells 
was similar to that observed with loss in A<^ m in the 
exposed larvae (Fig. 9A and B). 
3.5.2. Induction of Grim, Hid and Rpr expression in 
the exposed larvae 
To examine the status of initiator molecules of 
apoptosis in the larvae of D. melanogaster follow-
ing exposure to industrial solid waste leachates, Rpr, 
Hid and Grim expression was determined by flow 
cytometry. Wc observed a significant uprcguialion 
(/><0.05) in Rpr, Hid and Grim expression in the lar-
vae exposed to the leachates of FN, FM and FH in a 
concentration- and time-dependant manner (Fig. IDA 
and B). 
3.5.3. Externalization of phosphatidylserine (PS) 
and caspases activation in the exposed larvae 
Fig. 11A and B shows the distribution (%) of 
early apoptotic (Annexin V positive) and late apop-
( B ) = '^'^1 ofoiiirol Q I l l i i ^ " , , B l II I c 
, " 80-
I I I : i i " . , OBI'II - " " 
24 h 
( i lOUp^ 
Fig 9 Percent TUNEL positive cells in midgut tissues of control and leachate treated third instar larvae of Bg^ (B). (A) represents the photomicro-
graph of control (a) and 2.0% FH group after 48 h (b) Data represents mean ± S.E (n = 3) Significance is ascnbed as */>< 0 05 vs control Arrow 
indicates the nucleus Magnification 40x 
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totic (Annexin V + propidium iodide positive) cells of 
the larvae of control and treated groups at different 
time intervals A concentration- and time-dependent sig-
nificant increase in percentage of apoptotic cells was 
observed in the larvae fed 1 0 and 2 0% leachates of 
group F for 24 h In these groups the number of Annexin 
V + PI positive cells was found to be positively correlated 
with depolarized mitochondria (low A'f'ni) ('' = 0 98) 
and ROS levels (r = 0 88) Conversely, we observed a 
negative correlation between Annexin V + PI positive 
cells and Hsp70 expression and total protein contents 
(r= - 0 58 with Hsp70, r = - 0 93 with total protein con 
tent (Table 3) 
A similar trend was observed in caspase-9 and -3 
activities ofthe exposed larvae (Fig l2AandB) Expres 
sion of executor caspase Drice (caspase-3 homologue 
of mammals) in the exposed laivae by flow cytome-
try was similar to that observed spectrophotometncally 
(Fig l 2 C a n d D ) 
3 5 4 Leachates promote distinct cellular and sub 
cellular alterations in gut tissues ofthe exposed 
larvae ofBg^ 
Fig 13a-f shows cells with representative character-
istics from midgut tissue sections of control and treated 
larvae Epithelial cells of midgut tissue of the con-
trol group displayed well-developed rough endoplasmic 
reticula (RER), nbosomes and mitochondria of vary 
ing sizes and shapes (Fig 13a) Mitochondria possess 
tubular cristae with dense matrix (Fig 13b) Spherical 
nuclei with patches of heterochromatin and centrally 
located nucleoli were observed (Fig 13c) Luminal sur 
face membranes possess well developed microvilli of 
uniform size (Fig 13a) Larvae treated with 2 0% FH tor 
48 h showed hallmark morphological apoptotic features 
in their cells as evident by paler and condensed nuclei, 
absence of nucleoli and condensed chromatin (Fig 1 3f) 
extensive vacuolization of varying sizes and shapes in 
the cytoplasm (Fig 13f) Swelling of mitochondria with 
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mean ± S E (n = ^) Significance is ascnbed as *p < 0 05 vs control 
few/or loss of cristae were prominently observed along 
with dissociation of ribosomes from rough endoplasmic 
reticulum (Fig 13d-0 Further, in addition to chromatin 
condensation, broken and disorganized microvilli were 
observed in the lumen of gut tissues of these larvae 
(Fig 13d and e) 
4. Discussion 
Leachates of the two industrial solid wastes were 
found to have adverse effects on the exposed organ-
isms as evident by Hsp70 expression and changes in 
oxidative stress and apoptotic markers The effect of the 
leachates on the organisms was inversely related with pH 
of the extracting solvent (H > M > N) The pH of the linal 
Drosophila food mixed with mildly and highly acidic 
solvents was between 6 0 and 6 5, indicating that the 
increased toxicity may be due to higher leaching of metal 
ions and possibly a higher yield of organic substances 
[36] 
Stress inducible Hsp70 has been shown to have poten-
tial as a first tier bioindicator of cellular damage due 
to Its conservation through evolution, inducibility by a 
wide diversity of inducers and being a part of the cellular 
defense machinery [5] The (J-galactosidase activity was 
used as an indicator oihspVO expression in the exposed 
organisms following chemical treatment Similar studies 
were reported in Caenorhabditfi elegans earlier [27 371 
The leachates of two industrial solid wastes were 
found to contain a number of metal ions and displayed 
differences in their capacities to induce h<ip70 promoter 
in the exposed organisms Metals including As, Cd, Cr 
Hg, Pb, Ni and Zn have been reported as inducers of 
Hsp70 [38 39] and generator of ROS [7] Heavy metals 
have been shown to interact with —SH group of proteins 
and alter protein structure [2] That the proteotoxic action 
by metals as one of the possible reasons foi the significant 
activation of hsplO promoter in the exposed organisms 
cannot be ruled out In addition to the metals, leachates 
may also contain chemicals that are lipophilic in nature 
[14] A possibility remains that lipophilic chemicals can 
easily cross the lipid membrane and enter the cell alter 
protein structure and trigger Hsp70 expression 
The industrial solid waste leachates were tound to 
evoke oxidative stress as evident by a significant upregu-
lation in ROS generation, antioxidant enzyme activities 
and MDA content in the exposed organisms Such an 
upregulation was more robust in the organisms exposed 
to the leachates of flashlight battery factory as compared 
to pigment plant leachates This may possibly be due to 
increased amount of leachable chemicals in the former 
as compared to latter Interestingly, a significant ROS 
generation accompanied with a significant inciease in 
MDA content was observed prior to antioxidant enzyme 
activities in the exposed larvae In this context a strong 
positive correlation drawn between ROS generation and 
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antioxidant enzymes and MDA content suggests oxida-
tive stress inducing potential of chemicals present in the 
leachates. 
A. svgr\ificant induction of hsp70 promoter was 
observed prior to the significant generation of ROS and 
antioxidant ciizyines in the larvae exposed to 0.5-2.0% 
leachates of FN, FM, and FH for 2 ^ h and 2.0% 
leachates of PM and PH groups for 4-6 h. A pertinent 
question is whether induction of hsp70 is modulated by 
ROS. One possible explanation is that a mild increase 
in ROS generation (not detected) may activate Hsp70, 
known to have antioxidant properties [13], to counter-
act ROS well before antioxidant enzymes are induced. 
Wong et al. [40] suggesting the protective role of Hsp70 
also demonstrated that increased expression of Hsp70 
did not alter a number of major antioxidant enzymes 
such as SOD, CAT and GPx against hyperoxia. We did 
not observe any tissue damage in the larvae treated with 
0.5% leachates of FN, FM and FH groups and 1.0-2.0% 
leachates of PM and PH, yet a strong positive correlation 
was drawn between Hsp70 expression, ROS generation 
and antioxidant enzyme activities in these groups. This 
implies that both the defense systems have the capacity 
to protect the organisms from ROS induced injury for 
certain periods. Conversely, a significant regression of 
Hsp70 expression was observed in the larvae exposed to 
1.0 and 2.0% leachates of FN, FM and FH for 24 and 
48 h along with higher ROS levels. Induction of Hsp70 in 
response to stress is mediated largely through transcrip-
tional activation of HSF [41]. A mild change in ROS 
level leads to the activation of HSF, while large changes 
in ROS level leads to HSF inhibition [42 j . Concomitant 
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Fig. 13. Electron photomicrograph showing ultra structure of gut tissues of Bj;' larvae in control (a-c) and in 2.0% FH leachate treated larvae 
(d-f). Note the healthy and intact mitochondna (a and b), intact nucleus (c), microvilli and organized filamentous bodies (a) in control group. In 
treated group, broken microvilli (d and e), disorganized ER and higher number of vacuoles (f), damaged mitochondria (d and e), lesser ribosomes 
(d-f), condensed nucleus and chromatin was observed with nucleolus being absent (f). N. nucleus; Nu: nucleolus, M: mitochondria; CC condensed 
chromatin, MV: microvilli; V: vacuoles; RER: rough endoplasmic reticulum. 
with a regression in Hsp70 expression, tissue damage in 
the gut tissues of the exposed organisms was observed. 
One of the possibilities that increased ROS generation 
in the exposed organisms may regress Hsp70 expression 
by inhibiting HSF leading to tissue damage cannot be 
ruled out. This further indicates the crucial protective 
role of Hsp70 against ROS induced cellular damage and 
yet a gradual time and concentration-dependent increase 
in SOD and CAT activities may not be able to protect the 
cells beyond a particular limit. 
Tissue damage in leachates exposed larvae was found 
to be apoptotic. Apoptosis has been shown to occur 
in Drosophila in response to a number of insults [43]. 
Recently, Means and Hays [43] suggested an important 
role of mitochondria in this organism during apoptosis. 
In this context, loss of Ai^ni i" the exposed organisms 
against complex chemical mixture is a clear demonstra-
tion of the above. Along with loss of A<^m, upregulation 
of caspase-9 and -3 in the exposed organisms indicate 
that cell death induced by industrial waste leachates is 
mitochondria-mediated and caspase-dependent. Hsp70 
has been shown to prevent both caspase-dependent and 
-independent cell death by interfering with the signal-
ing events that triggers apoptotic programme at multiple 
points in the apoptotic pathway including blocking and 
sequestering activated caspases [13.41]. In this con-
text, a negative correlation was observed between Hsp70 
expression and loss of A'/'m and PS externalization in 
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the larvae exposed to flashlight battery Icachate at higher 
concentrations Therefore, one of the possibilities that 
decline in Hsp70 due to higher ROS level results in the 
loss of A>^ m and a subsequent increase in Rpr, Hid, Gnm 
and Drice activities promoting and executing apoptosis 
in the exposed organisms cannot be ruled out 
A decline in total protein content was concomitant 
with a regression in Hsp70 expression along with higher 
ROS generation in the leachate exposed larvae In this 
context, a negative correlation was drawn between ROS 
generation and total protein content in the exposed organ-
isms It has been opined that proteins are the major targets 
for oxidants as a result of their abundance in biological 
systems [44] and their contents can be used as an indi-
cator of cytotoxicity [2] Thus, higher protein damage in 
the exposed larvae caused by ROS as one of the possible 
reasons of apoptosis cannot be ruled out 
We have detected metals present in the leachates and 
also their accumulation in the exposed larvae Yet it is 
not practically feasible to detect all the inorganic and 
organic components in the leachates, unidentified toxi-
cants known as non-conventional pollutants (NCPs) [45] 
which could have also contributed to the ROS generation, 
Hsp70 expression and apoptosis in the exposed larvae, 
which represent a risk of unknown magnitude 
We argue m favor of in vivo cell based assay using D 
melanogasler as an alternate animal model for providing 
essential information about the adverse effect of com-
plex chemical mixtures on the organisms to elucidate 
molecular and mechanistic studies A pertinent question 
IS whether llies are less/or more sensitive to harmlul sub-
stances as compared to that observed in higher animal 
models at the cellular level Recent studies from our labo 
ratory showed that fly and higher mammals have a similar 
dose response relationship with four mono functional 
alkylating agents |46] A previous study by Hirsch et al 
|47) also demonstrated that fly and humans have similai 
dose response relationship following lead exposure 
In conclusion, the study suggests that Hsp70 expres 
sion may be regulated by the cellular redox conditions, 
1 e altered levels of ROS generation against complex 
chemical mixtures In this context, Hsp70 may act as a 
sensor for the transmission of redox changes in the life 
of cells and thereby, might be useful as an indicator of 
exposure against complex chemical mixture 
Acknowledgement 
Authors thank Director, ITRC for his keen inter 
est throughout the study Bg^ Drosophila stock from 
Prof SC Lakhotia, BHU, Varanasi, India, Drosophila 
Hsp70 monoclonal antibody (7Fb) from Prof MB 
Evgenev, EIMB, Moscow, Russia, Drice antibody by 
Prof B A Hay, CalTech, California, USA, Dr M Dixit 
and Dr VK Bajpai, Central Drug Research Institute 
(CDRI), Lucknow, India for flowcytometry and Electron 
microscopy facility and Mr B D Bhattacharji ITRC, 
Lucknow for editorial assistance, respectively are thank-
fully acknowledged We thank Ms Abha Arya,Madhulia 
Srivastava and Mr A L Vishwakarma ot CDRI for 
technical assistance during Electron microscopy and 
flowcytometry, respectively, and Ms 11a Misra, ST, 
Ambedkar University, Lucknow tor ONPG assay HRS 
and SCO were supported by SRF from CSIR and JRF 
from ICMR, respectively Financial assistance from 
CSIR to DKC is thankfully acknowledged ITRC com-
munication No 2553 
References 
[1] WP Watson A Mutti Role of biomarkers m monilonng expo 
sure to chemicals present position future prospects Biomarkers 
9(2004)211-242 
[2] S Alt Aissa J M Porcher A P Amgo C Lambre Activation 
of the hip70 promoter by environmental inorganic and organic 
chemicals relationships with cytotoxicity and lipophilitity Tox 
icology 145(2000) 147-157 
[3] G Wilczek Apoptosis and biochemical biomarkers of stress in 
spiders from industrially polluted areas exposed to high tern 
pcrature and Dimethoate Comp Biochem Physiol 141 (2005) 
194-206 
[4] A Mathew R I Morimoto Role of the heat shock response in 
the life and death of proteins Ann N Y Acad Sci 851 (1998) 
99-111 
(5) PH Krone SR Blechmger TG Evans J A Ryan EJ Noonan 
L E Hightower Use of fish liver PLHC 1 cells and Zebra fish 
embryos in cytotoxicity assays Methods 35 (2005) 176-187 
[6] S C Gupta H R Siddique D K Saxena D Kar Chowdhuri 
Hazardous effect of organophosphate compound dichlorvos 
in transgenic Drosophila melanogaaer (h\p70 lac7) induction 
of h5p70 antioxidant enzymes and inhibition of acetyl 
cholinesterase Biochem Biophys Acta 1725(2005)81-92 
[7] M Valko, C J Rhodes J Moncol M Izakovic M Mazur Free 
radicals metals and antioxidants in oxidative stress induced can 
cer Chemico Biol Int 160(2006) 1-40 
[8] S W Ryter H P Kim A Hoetzel J W Park K Nakahira X 
Wang A M Choi Mechanism of cell death in oxidative stress 
Antiox Redox Signal 9 (2007) 49--89 
[9] M All S Parvez S Pandey F Atif M Kaur H Rehmin S 
Raisuddin Fly ash leachate induces oxidative stress in Iresh water 
fish C/iamia punctata (Bloch) Environ Int 30(2004)933-938 
[10] C M Radetski B Ferrai S CotcUe J F Masfaraud J F Ferard, 
Evaluation of the genotoxic mutagenic and oxidant stress poten 
tials of municipal solid waste incinerator bottom ash leachates 
SCI Total Environ 333(2004)209-216 
[11] S Orrenius Mitochondrial regulation of apoptotic cell death 
Toxicol Lett 149(2003) 19 23 
[121 MR Duchen Mitochondria in health and disease perspective 
on a new mitochondrial biology Mol Aspects Med 25 (2004) 
36S-451 
Please cite this article in press as H R Siddique et a l , Induction of biochemical stress markers and apoptosis m transgenic 
Drosophila melanogasler against complex chemical mixtures Role of reactive oxygen species, Chemico Biol Int (2007), 
doi I0 1016/jcbi2007 06 035 
+Model 
CBI-5466, No of Pages 18 
18 H R Siddique el al / Chemico Bioloi>ical Inleratlions xxx (2007) \X.\-XXK 
[13] EM Creagh RJ Carmody TG Cotter, Heal shock protein 70 
inhibits caspase dependent and independent apoptosis in Jurkat 
T Cells, Exp Cell Res 257 (2000) 58-66 
[14] K Pent, Ecotoxicological effects of contaminated sites Toxicol-
ogy 205(2004)223-240 
[15] E Monosson Chemical mixtures considering the evolution of 
toxicology and chemical assessment. Environ Health Perspect 
113(2005)383-390 
[16] D J Benford A B Hanley, K Boltnll,S Oehschlager M Ball F 
Branca J J Categnaro, J Descotes K Hemminiki D Lindsay B 
Schilter, Biomarkers as predictive tools in toxicity testing ATLA 
28(2000) 119-131 
[17] D Kar Chowdhuri, D K Saxena, PN Viswanathan, Effect of 
hexachlorocyclohexane (HCH), its isomers, and metabolites on 
Hsp70 expression in transgenic Droiophila melanoga'.!er,Y'esUc 
Biochem Physiol 63(1999)15-25 
[18] HR Siddique SC Gupta A Dhawan, R C Murthy, D K Sax 
ena D Kar Chowdhuri Genotoxicity of industrial solid waste 
leachates in Dmsophila melunoganer. Environ Mol Mutagen 
46(2005) 189-197 
[19] PM Carroll, B Dougherty, P Ross-Macdonald,K Browman K 
FitzGerald, Model systems in drug discovery, chemical genetics 
meets genomics Pharmacol Therapeut 99(2003) 183-220 
[20] J T Lis J A Simon C A Sutton, New heat shock puffs 
and fj galactosidase activity resulting from transformation of 
Drosophila with an hsp70-lucZ hybrid gene Cell 35 (1983) 
403-413 
[21] VS Houk, The genotoxicity of Induslna) wastes and effluents, 
Mutat Res 277(1992)91-138 
[22] U S Environmental Protection Agency (U S E P A ) Test meth 
ods for evaluating solid waste Toxicity Characteristic Leaching 
Procedure (TCLP) Method 1310 (1990) SW 846 USEPA 
Washington DC 
[23] U S Environmental Protection Agency ( U S E P A ) Acid Diges-
tion of Sediments, Sludges and Soils, Method 3O50B (1996), 
USEPA, Washington DC 
[24] L S Cleseeri, A E Greenberg, A D Eaton, in M D Baltimore 
(Ed ), Standard Methods for the Estimation of Water and Wastew-
ater, 20th ed United Book Press, 1998 
[25] S C Lakhotia T Mukheqee. Specific activation of puft 93D of 
Drosophila melanogasler by benzamide and the effect of benza 
mide on the heat shock induced putting activity Chromosoma, 
Berhn81 (1980) 125-136 
[26] A Nazir, I Mukhopadhyay D K Saxena D Kar Chowdhuri 
Chlorpyrifos induced hspJO expression and effects on repro 
ductive performance in transgenic Drosophila melanogasler 
(hsp70-lacZ) Bg^. Arch Environ Conlam Toxicol 41 (2001) 
443^49 
[27] G Stnngham EPM Candido Transgenic/isp/6/acZstrains of 
the soil nematode Caenorhabihtis elegans as biological mom 
tors of environmental stress Environ Toxicol Chem 13(1994) 
12(1-/220 
[28] C J O'Kane, WJ Gehring, Detection of m silu genomic regu-
latory elements in Drosophila, Proc Natl Acad Sci U S A 84 
(1987)9123-9127 
[29] RA Krebs.ME Feder Tissue specific vanation in/up 70 expres 
sion and thermal damage in Drosophila melanogasler larvae, J 
Exp Biol 200(1997)2007-2015 
[30] J M Velaquez S Linquist Hsp70 nuclear concentration during 
environmental stress and cytoplasmic storage during recovery 
Cell 36 (1984) 655^62 
[31] J Sambrook E F Fritsch T Maniatis Molecular Cloning A 
Laboratory Manual, Cold Spring Harbor Laboratory Press Cold 
Spnng Harbor, 1989, pp 18 47-18 75 
[32] M Nishikimi, N A Rao K Yagi The occurrence of superoxide 
anion in the reaction of reduced phenazine methosulphate and 
molecular oxygen Biochem Biophys Res Commim 48(1972) 
849-851 
[33] A K Sinha, Colorimetric assay ot catalase Anal Biochem 47 
(1972)389-394 
[34] H Ohkawa, N Ohishi, K Yagi, Assay for lipid peroxides in am 
mal tissues by thiobarbituric acid reaction Anal Biochem 95 
(1979)351-358 
[35] O H Lowry N J Rosenbrough A A Farr R J Randall Protein 
measurement with the Folin Phenol reagent J Biol Chem 193 
(1951)265-275 
[36] P Rajaguru, L Vidya, B Baskarasethupathi PA Kumar M 
Palanivel K Kalaiselvi Genotoxicity evaluation of polluted 
ground water in human peripheral blood lymphocytes using the 
Comet assay, Mutat Res 517(2002)29-37 
[37] K Guven, D I de Pomeri Differential expression of/iip70 pro-
teins in response to heat and cadmium in Caenorhabditis elegans, 
J Thermal Biol 20(1995)355-363 
[38] L Nover K D Scharl Heat shock proteins in L Nover (Ed ) 
Heat Shock Response, CRC Press Boca Raton FL 1991 pp 
41-128 
[39] D B Tully, B J Collins, J D Overstreet, C S Smith G E 
Dinse, M M Mumtaz, R E Chapin, Effects of arsenic cadmium 
chromium, and lead on gene expression regulated by a battery 
of 13 different promoters in recombinant HepG2 cells Toxicol 
Appl Pharmacol 168(2000)79-90 
[40] H R Wong, I Y Menendez M A Ryan A G Denenberg J R 
Wispe, Increased expression of heat shock protein 70 pro 
tects A549 cells against hyperoxia Am J Physiol 275(1998) 
L836-L841 
[41] YH Kim, EJ Park, S T Han, J W Park, TK Kwon Arsenic 
tnoxide induces Hsp70 expression via reactive oxygen and JNK 
pathway in MDA231 cells Life Sci 77 (2005) 2783-2793 
[42] M R Jacquier Sarlin B S Polla, Dual regulation of heat shock 
transcription factor (HSF) activation and DNA binding activity 
byH202 roleofthioredoxin Biochem J 318(1996)187-193 
[43] JC Means R Hays Mitochondrial membrane depolarization in 
Drosophila apoptosis. Cell Death Differ 14 (2007) 383-385 
[44] M J Davies, The oxidative environment and protein damage, 
Biochem Biophys Acta 1703 (2005) 93-109 
[45] American National Research Council, Environmental epidemi 
ology public health and hazardous wastes. National Academy 
Press, Washington DC 1 1991 pp 1-21 
[46] H R Siddique, D Kar Chowdhuri D K Saxena A Dhawan 
Va/idation of Drosophila meluiwi;a\ier as an in \i\o model for 
genotoxicity assessment using modified alkaline Cornel assay 
Mutagenesis 20 (2005) 285-290 
[47] H V Hirsch, J Mercer, H Sambaziotis, M Huber D T Stark T 
Torno-Morley, K Hollocher, H Ghiradella D M Ruden, Behav 
loral effects of chronic exposure to low level lead in Diosophihi 
melanogasler, Neurotoxicology 24 (2003) 435-^42 
Please ctte this article tn press as H R Siddique et a l , Induction of biochemical stress markers and apoptosis in transgenic 
Drosophila melanogasler against complex chemical mixtures Role of reactive oxygen species, Chemico-Biol Int (2007), 
dot 10 1016/jcbi2007 06 035 
Mutagenesis vol. 20 no. 4 pp. 285-290, 2005 
Advance Access publication 17 May 2005 
doi:10.l093/mulai;e/s;ei032 
Validation of Drosophila melanogaster as an in vivo model for 
genotoxicity assessment using modified alkaline Comet assay 
Hifzur R.Siddique, D.Kar Chowdhuri, D.K.Saxena and 
Alok Dhavvan'' 
Emhryotoxicology Section and 'Developmental Toxicology Section, 
Industrial Toxicology Research Center, PO Box 80, M.O. Marg, 
Lucknow, 226001. Uttar Pradesh. India 
The single cell gel electrophore.si.s or Comet as.say is one 
of the most popular techniques for genotoxicity assessment. 
The present study was undertaken to validate our previ-
ously modified version of the Comet assay for genotoxicity 
assessment in Drosophila melanogaster (Oregon R^) with 
four well-known mutagenic and carcinogenic alkylating 
agents, i.e. ethyl methanesulfonate (EMS), methyl nieth-
anesulfonate (MMS), A'-ethyl-A'-nitrosourea (ENU) and 
cyclophosphamide (CP). Third instar larvae (74 ± 2 h) of 
D.melanogaster were fed different concentrations of EMS, 
MMS, ENU and CP (0.05, 0.5 and 1.0 mM) mixed stand-
ard Drosophila food for 24 h. At 98 ± 2 h, the anterior 
midgut from control and treated larvae were dissected 
out, single-cell suspensions were prepared and Comet 
a,s,say was performed. Our results show a dose-dependent 
increase in DNA damage with all the four alkylating 
agents, in compari.son to control. The lower concentration 
(0.05 mM) of the te.st chemicals, except MMS, did not 
induce any DNA damage in the gut cells of the exposed 
larvae. When comparison of Comet parameters was made 
among the chemicals, MMS was found to be the most 
potent genotoxicant and ENU the least. The present 
.study validated our previous observation and shows that 
D.melanogaster is a sensitive and suitable model for 
the in vivo a.ssessment of genotoxicity using our modified 
alkaline Comet assav. 
For genetic toxicology, the most coinmonly used models 
arc rats and mice, however, in the recent years, one of the 
fundamental concerns for both science and ethics has been 
towards minimizing the nuinber of experimental higher 
organisms used in toxicological research and testing. In this 
context, emphasis has been given to the use of alternative 
animal models. Drosophila melanofiaster is a well-established 
insect model for huinan diseases <24-26) and toxicological 
research (6,27-35) due to its well-documented genetics and 
developinental biology. Moreover, European Centre for the 
Validation of Alternative Methods has recommended the use 
oi'D.nielaiioi;aster for research and testing (36.37). 
While most of the genotoxicity studies have been confined to 
gcnn cells of Drosophila, somatic cell genotoxicity has been 
examined by either wing spot test or SMART assay (38). Gross 
chrotnosornal changes have been studied in neuroblast cells of 
Drosophila (39). Although, most of the chemicals enter the 
organisms through the gut via food, gut cells of Drosophila 
have been ignored so far for somatic cell genotoxicity. 
Recently, the Comet assay has been adapted to assess the 
in vivo genotoxicity in D.melanof^aster (6,40). 
In continuation of our previous study showing the usefulness 
of a modified Comet assay in Dmelanogaster as an in vivo 
model for evaluating genotoxicity (6), the present study was 
conducted to validate the model for evaluating somatic cell 
genotoxicity. Alkylating agents i.e. ethyl methanesulfonate 
^EMS), methyl methanesulfonate (MMS), /V-cthyl-/V-
nitrosourea (ENU) and cyclophosphamide (CP) which are iden-
tified carcinogens by the International Agency for Research on 
Cancer (41-44) (EMS and MMS are in the category Group 2B, 
ENU in Group 2A and CP in Group 1) and are also listed as 
mutagens (45) were used for the validation studies. 
Introduction 
The single-cell gel electrophoresis or Comet assay is one of the 
most sensitive, rapid and less resource intensive techniques for 
genotoxicity assessment (1-3). Moreover, it pemiits both qual-
itative and quantitative assessment of DNA damage (strand 
breaks, labile sites, apurinic sites or breaks due to endonuclease 
or topoisomcrase and hydrolase action from lysosomcs) at very 
low levels, in any eukaryotic cell. It has gained wide accept-
ance as a test for genotoxicity assessment in different fields 
e.g. genetic toxicology (4-6), apoptosis (7,8), to discriminate 
between apoptotic and necrotic cell death (8,9), to evaluate the 
antineoplastic efficacy of chemotherapy and radiation (10-12), 
epidemiological and biomonitoring studies (13-15). It gives an 
insight into the DNA damage, resulting from life style (16) or 
occupational (17) and environmental exposure (18). Several 
groups have also used the Comet assay for ecogenotoxicity 
evaluation (19-23). 
Materials and methods 
The wild-type fly and larvae of D.melanoi^astcr (Oregon R^), 
efficient for all types of repairs, were cultured at 24 ± I'C on 
standard Drosophila food containing agar, corn meal, brown 
sugar and yeast. 
EMS (CAS No. 62-50-0). MMS (CAS No. 66-27-3). ENU 
(CAS No. 759-73-9), CP (CAS No. 6055-19-2), normal melt-
ing point agarose, low melting point agarose, ethidium bromide 
and collagenase were obtained from Sigma Chemical (St Louis. 
MO). Ca-^- and Mg-^-free phosphate-buffered saline (PBS) 
and Trypan blue were procured from Hi-Media (Mumbai. 
India). All other chemicals were obtained locally and were of 
analytical reagent grade. 
In the experimental study, 10 larvae (74 ± 2 h) in each group 
were kept at 24 ± 1°C, and fed different concentrations of 
EMS, MMS, ENU and CP (0.05, 0.5 and 1.0 mM in PBS) mixed 
with food for 24 h. The control larvae received normal Droso-
phila food. All the experiments were conducted in triplicate. 
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After 24 h ot treatment i e at 98 ± 2 h both treated and 
Lontiol larvae from each group were removed from food and 
washed thoroughly with 50 mM of phosphate buffer The 
anterior midguts (AMG) were cxplantcd fiom the larvae m a 
modified Poels salt solution [PSS (46)| and collected sepai 
ately in microcentrifuge tube The single-cell suspensions of 
gut tissues were prepared by the method of Howell and Taylor 
(47) as modified by Mukhopadhyay et al (6) PSS in micro-
ccntiifuge tube was replaced with ^00 fj-l of collagcnase 
(0 5 mg/ml in PBS, pH 7 4) and kept for 15 min at 24 ± l^C 
The cells were then passed through nylon mesh (60 |xm) 
Collagcnase was removed by washing the cell suspension 
three times with PBS 5 min each time with gentle shaking 
The cells were hnally suspended in 80 |xl of PBS 
The cells were checked foi viability before the stait of the 
experiment using Trypan blue dye according to the method of 
Phillips (48) The Comet assay was performed according to 
the method ot Mukhopadhyay cl al (6) In biicf, 75 ix\ of a 
mixture containing 80 |JLI of cell suspension and 80 |JL1 of 1 5% 
low melting point agarose (final concentration 0 75%) was 
layered on top of the end frosted slides that were precoated 
with IVr normal melting point agarose After lysis for 2 h at 
4^0 in a freshly prepared lysing solution (2 5 M of NaCl 
too mM of EDTA, 10 mM of Tns. pH 10 and 1% Tuton 
X 100 pH 10) slides were tiansferred to an electrophoresis 
unit (Life Technologies, Gaitheisburg MD) filled with fresh, 
chilled electrophoiesis solution (1 inM of Nai EDTA and 
300 mM of NaOH, pH >13) The slides were left for 10 mm 
in the electrophoresis unit for unwinding Following unwind-
ing electrophoresis was performed toi 15 mm at 0 7 V/cm 
(300 mA/25 V) at 4 C using a powei supply from Techno 
Source (Mumbai, India) To prevent light induced DNA dam-
age, if any all the steps staiting from single cell preparation 
were performed under dimmed light After clectiophoresis the 
slides were immediatelv neutialized with 0 4 M ot Tns buffer 
(pH 7 5) for 5 mm and the neutralizing process was repeated 
three times The slides were then stained with cthidium 
bromide (20 fxg/ml 75 p-l per slide) tor 10 mm in dark After 
staining the slides were dipped once in chilled distilled water 
to remove the excess stain and subsequently, cover slips 
(24 mm X 60 mm) weie placed ovei them 
The slides were examined within 3-4 h using an image 
analysis system (Kinetic Imaging Liverpool UK) attached to 
a fluoiescent microscope (Leica Geimany) The images weie 
transferred to a computer through a charge coupled device 
camera and analyzed using Komet 5 0 softwaic 
Each experiment was performed in tiiplicate with 10 larvae 
and the slides were prepared in duplicate Twenty five cells per 
slide equaling 150 cells per group weie randomly captured at a 
constant depth of the gel avoiding the cell present in the edges 
ot the gel and superimposed Comets Three different para 
meters weie used as indicators of DNA damage tail moment 
(TM aibitrary units) tail DNA (%) and tail length (fjim) These 
parameters have been described in detail previously (6 49 50) 
The TM IS defined as the distance between the centei of mass ot 
the tail and the center of mass of the head in micrometers 
multiplied by the percentage of DNA in the tail and is con-
sideied to be the most sensitive as both the quality and quantity 
of DNA damage are taken into account 
Statistual analMiis 
Data were analyzed using Student s /-test Prior to analysis, 
homogeneity of variance and normality assumption concerning 
the data were tested The level of statistical significance weie 
set at P < 0 05 and f < 0 01 wheievei lequired Data for TM 
were statistically analyzed and presented in the figures as box-
cind whisker plots that represented the range (minimum and 
maximum) median and 75 percentile 
Results 
Both control and treated larvae consumed equal amounts of food 
since <3% variation was observed in then uptake Cell via 
bility measured at the time ot the experiment always exceeded 
959f in control as well as the treatment gioups Diosophila 
larvae exposed to all the tout alkylating agents showed a 
dose dependent increase in DNA damage as evident bv a stat-
istically significant increase in the Comet paiameters i e tail 
length (|jLm) TM (arbitiary units) and tail DNA (%) (Table I) 
At 0 5 and 1 0 mM concentiations of all the four chemicals 
a significant increase (P < 0 01) in all the Comet paramcteis 
were observed in the cells of exposed organisms as eompaicd 
with the lespective controls (Table I) All the test chemicals 
except MMS at the lowest coneentiation (0 05 mM) did not 
induce any significant DNA damage in the cells of exposed 
organisms (Table 1) Among the four alkylating agents END 
was found to be the least potent inducci and MMS the most 
potent inducer of DNA damage in the cells of the exposed 
Diosophila laivae 
When the TM data were analyzed and presented as box and 
whisker plots (Figuie lA-D) and distiibution of cells [%) 
(Figure 2A-D) it was obseived that in the control and 1 mM 
END gioups, 90% of the total cells observed were in the 
minimum damage category (<2 0 TM) However at 1 mM 
ot MMS only 40% cells were in this categoiy while 55% cells 
showed an inciease in DNA damage ( <4 0 TM) and 1 5'^ eelK 
weie in the category <6 0 indicating the seventy ot DNA 
damage in this group (Figure 2D) When ENU induced Comet 
parameters in the cells of Diosophila were compaied with 
those ot EMS MMS and CP at 0 5 and 1 0 mM dietai> con 
centrations a significant induction (P < 0 05) in the Comet 
parameters was observed in all the test chemical exposed 
groups (Table II) A similar trend was obseived when CP 
induced Comet parameters were compared with those ot EMS 
and MMS at 0 5 dnd 1 0 niM concentrations except lliai the 
Table 1 E l l en o 
D nn liinoi^astt i 
Gicup 
Conliol 
0 OS mM ENL 
0 S mM E N t 
1 0 mM ENL 
OdS mM EMS 
OS mM EMS 
1 0 mM EMS 
OOS mM MMS 
(1 S mM MMS 
1 0 mM MMS 
OOS mM CP 
OS mM t P 
1 0 mM CP 
1 ilk\l \\m \oenh 
1 III DNA ( r) 
7 08 
7 99 
9 78 
14 24 
8 00 
12 04 
IS 48 
9 IS 
14 44 
1663 
8 11 
11 43 
15 S4 
i 
± 
± 
± 
± 
± 
± 
i 
± 
± 
± 
± 
± 
0 2^ 
0 99" 
OM' 
02V-
0 98-
0 74-
OiV 
0 39--
0 80-
0 25 
0 99-
OSS" 
0 24-
. nn Comit pirniielLis in j.u\ LLUS 
Tail knLlh (jiiri) 
5 SO 
5(K) 
MOO 
19 00 
6 00 
19 00 
2S00 
14 00 
2 ^ 0 0 
26 00 
SOO 
17 00 
20 00 
± 0 2 1 
± 0 7 1 " 
± 0 3 7 ' ' 
+ 0 22** 
± 0 79= 
± 0 60' • 
± 0 3 1 • 
± 0 6 6 " 
± 0 S4'• 
± 0 2 1 " 
± 0 52-
± 0 4 \ " 
± 0 19 ' 
TM (arbitrary 
0 65 ± 
0 63 ± 
I 20 ± 
1 05 ± 
0 67 ± 
1 23 ± 
2 11 ± 
0 82 ± 
2 03 ± 
2 22 ± 
0 66 ± 
1 36 ± 
1 73 ± 
0 02 
0 04 
0 06 
0 0 3 " 
0 10 
0 09 
0 03 
0 07 
0 11 
0 II 
0 06 
0 05 
0 02 ' 
111 
i i n i l s ) 
Values are meciian ± SE of three experiments (150 ttlls) 
-Not Mgniticanl 
'P < 0 05 and P < 0 01 versus control 
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Fig 1 Etfect ol tour alkylating agents (A) ENU (B) CP (C) EMS and (I)) MMS on tlie TM in AMG cells ot third insiar larvae ot D meluiKHiasi, 
ns not signiticant f < 0 05 P < 0 001 in comparison with control 
tail DNA (%) in EMS was not significantly dtfetted as com-
pared with CP (Table II) 
Discussion 
In the present study all four alkylating agents, EMS MMS 
ENU and CP induced DNA damage m the gut cells of 
DiosophiUi indicating the efhcacy of our modihed version of 
Comet assay (6) for assessment ot ;/; M\O genotoxicity in 
D melano^astei 
Gut cells have been spaungly used by researchers for deter 
mining the genotoxic potential of the chemicals Since most of 
the chemicals enter the organisins through the gut via food the 
gut cells remain one ot the priinaiy taigets for the chemicals 
This was one ot the rationales of considering gut cells for 
assessing genotoxic potential ot chemicals in the present 
study In this context previous studies from this laboratory 
showed that both gut cells and brain cells of Diosophila 
exposed to cypermethrin exhibited a similar effect when 
Comet parameters were compared (6) 
As elucidated by Mukhopadhyay ct al (6) one ot the rca 
sons to use 1 5% low melting point agarose [hnal concentiation 
0 75% (6)] instead of 1% (hnal concentration 0 5%) gcnerall> 
used and recommended (2 5) is because D nielanoi;astei cell 
size is smaller than the mammalian cells Since thcic is no heme 
gioup present in Dtosophila dimethyl sulfoxide (DMSO) 
(10%) used to scavenge radicals geneiated by the iron released 
from hemoglobin (51) was also removed from the Ivsing solu 
tion In this context previous studies from this laboratoiy have 
demonstrated that DMSO > 0 3% is cytotoxic to Diosophila 
(31) Although Bilbao et al (40) used 20 min for each unwind 
ing and electrophoiesis, we optimized the time to 10 min foi 
unwinding and 15 mm for elcctiophoresis icsulting in the 
improvement of our assay (6) Fuither impiovement was 
achieved in the Comet assay responses in contiol cells h\ 
caieful manipulation while dissecting out the gut and duting 
the pioduction of single cell suspensions 
In the present study thicc concentrations as 0 05 0 5 and 
1 0 mM of all alkylating agents were selected because of then 
highest null and low toxicity effects on the organism undei 
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TAIL MOMENT 
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Fig.2 Eflei-t of tour alkylating agenls (A) ENU (B)CP (C) EMS and (D) MMS on the percenlage dislrilxition ot tells with itspetl to IIK TM in 
AMG cells of D mclan{>i>aslei 
I d b k II Comparative 
/J nn lunoguMei 
Gioups 
genotoxii potenlia 
MMS EMS and CP versus 
0 5 niM MMS 
1 0 mM MMS 
0 S niM EMS 
1 tl mM EMS 
O") mM CP 
1 0 mM CP 
MMS and EMS versus 
OS mM MMS 
1 0 mM MMS 
0 5 mM EMS 
1 0 mM EMS 
MMS versus EMS 
0 5 mM MMS 
1 0 mM MMS 
CP 
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+ 
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1 ot alkylating agt 
Tail length 
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+ 
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+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
nts in 
TM 
(arbitrarv unit) 
-r 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
ns not signihiant 
P < COS Vvhen tompared among the gioups 
cthcicnl repair conditions Vogel and Natarafan (52) examin-
ing the gcnotoxic potential of alkylating agents includtng ENU, 
EMS and MMS on germ cells of Diosophila by chromosome 
loss test, classified MMS as the most potent genotoxicant Our 
study also suppoits these observations and has shown MMS to 
be the most potent alkylating agent for inducing DNA damage 
The genotoxicity ot CP observed in gut cells of Dio\oplnla 
in the present study can be due to the fact that these cells 
are metabolically active (53) Earlier studies of Graf et al 
(38) and Vogel and Nivard (54) showing gcnotoxicitv of CP in 
Diosophila by SMART assay and eye spot test further suppoits 
the present study Inteiestingly, the modified Comet assay is 
more sensitive than the conventional techniques as we obsei^ ved 
signihcant induction in Comet paiameteis in the gut cells as 
early as 24 h under m \i\o conditions in comparison \Mth 
2-5 days in the other techniques (38,54) ENU was found to 
be the least genotoxic amongst the foui alkylating agents used 
This may possibly be due to its low nucleophilic selectivity 
leading to high afhnity towards oxygen atoms on DNA (55) 
The piesent data in Diosophila assume signihcancc since 
they are comparable with those obtained in mammalian tissues 
(56) Therefoie the present studv validates our previous work 
(6) and iccommends Diosophila nulaiioiiastei as a sensitne 
and suitable in )no model for genotoxicity assessment using 
modihed alkaline Comet assay 
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Genotoxicity of Industrial Solid Waste Leachates in 
Drosophila melanogaster 
HifzurR. Siddique,' Subosh C.Gupta/ Alok Dhcwan,^ R.C. Murthy,-^ 
D.K. Saxena,^ and D. Kar Chowdhuri * 
Embryotoxicology Section, Industrial Toxicology Research Centre, Lucknow, 
Uttar Pradesh, India 
Developmental Toxicology Section, Industrial Toxicology Research Centre, 
Lucknow, Uttar Pradesh, India 
Metal Analysis Section, Industrial Toxicology Research Centre, Lucknow, 
Uttar Pradesh, India 
The potential toxicity of industrial solid wastes is a 
major environmental concern. The present study 
evaluated the genotoxicity of industrial waste 
leachates on the gut cells of Drosophila mela-
nogaster (Oregon R'), using a modified alkaline 
comet assay. Leachates were prepared from con-
trol soil and solid wastes generated by a flashlight 
battery factory, a pigment plant, and a tannery, 
using different pHs (7.0, 4.93, and 2.88). Newly 
emerged first instar Drosophila larvae (22 ^ 2 hr) 
were transferred to standard Drosophila diet con-
taining 0.05%, 0 .1%, 0.5%, 1.0%, and 2.0% of 
the leachates, and allowed to grow. At 96 ± 2 hr, 
the anterior midgut of control and treated larvae 
was dissected out; single cell suspensions were 
prepared; and the comet assay was performed on 
the cells. All the leachates produced significant 
(P < 0.05), dose-dependent increases in DNA 
damage, in the gut cells. Leachates prepared at 
pH 7.0 were significantly less genotoxic than 
leachates prepared at pH 4.93 or 2.88. A com-
parison of the comet parameters among the 
exposed groups indicated that leochates of the 
pigment plant solid waste produced the least 
DNA damage, while leachates prepared from the 
flashlight battery factory solid waste were the most 
genotoxic. The present study indicates that 
leachates of solid wastes from flashlight battery 
factories, pigment plants, and tanneries possess 
genotoxic activity and that D, melanogaster is a 
useful in vivo model for assessing the genotoxicity 
of these potential environmental contaminants. 
Environ. Mol. Mutagen. 46:189-197, 2005. 
© 2005 Wi ley l iss, Inc. 
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INTRODUCTION 
Rapid industrialization in developed and developing 
countries has led to a substantial increase in the genera-
tion of industrial solid wastes. These wastes are a great 
concern to health scientists all over the world. The pres-
ence of these wastes in the environment may affect not 
only particular species of flora and fauna, but also the 
structure and function of entire ecosystems [Pent. 2003). 
During the last few decades, the amount of industrial 
waste has quadrupled in India, and the total includes con-
siderable quantities of hazardous waste [TERI, 2003J. The 
most common method for the disposal of .solid waste is 
by deposition in landfills, and the leachates generated 
from the landfills can escape and contaminate the sur-
rounding area, posing a risk to the biota. 
Solid wastes generated by some industries are hazard-
ous because they contain heavy metals [Seco et al., 
2003]. Due to the complex nature of the leachates, chemi-
cal analysis alone is not sufficient for assessing their 
potential genotoxicity. Alternatively, bioassays do not 
require prior information about the chemical composition 
of the test substance and can effectively assess the geno-
toxicity of a complex leachate. Lambolez et al. [1994] 
used a battery of test systems to evaluate the acute and 
chronic toxicity and genotoxicity of leachates, but could 
not find a conelation between the results of the bioassays 
and chemical analysis. Chroust et al. 11997] demonstrated 
the genotoxic potential of industrial wastes, by employing 
short-term bioassays in Drosophila melanogaster. Vicia 
faha, and Arahidopsis thaliana. Also, the clastogenicity of 
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190 Siddique et Q\. 
leachates from different landfills was detected with the 
Tradescantid micronuclcus assay [Cabrera and Rodriguez, 
1999J and Allium root chromosome aberration test [Knas-
muller et al., 1998, Cabrera and Rodriguez, 1999] 
The Lontinued production ot industrial solid wastes 
containing probable gcnotoxic substances and their release 
to the environment have necessitated the development of 
sensitive assays that can rapidly and effectively monitor 
the effect of solid wastes and then leachates on floia and 
fauna The Comet assay has been one of the most widely 
used genotoxicity assays for bioinonitoring studies This 
technique is simple, rapid, relatively inexpensive, and capa-
ble of detecting tlie DNA damage produced by a number of 
mutagens, in both plant and animal tissues [Tice et al, 
2000, Kim et al, 2002| Because ot its simplicity and sensi-
tivity, the technique has gained wide acceptance tor different 
biomedical applications, e.g , tor detecting DNA repair [Kim 
et al, 2002[ and apoptosis [Singh, 20()0| and in genetic tox-
icology (Dhawan et al. 2002, Mukhopadhyay et al, 2004| 
chemotherapy and radiation biology [Olive et al, 1996J, and 
biomonitonng studies [Dhawan ct al, 2001 Baipayee et al 
2(K)2] A ma)or advantage of this technique lies in its ability 
to measure the cumulative effects ot all the pollutants in the 
exposed organism [Rajaguiu et al 200^] The assay has 
been adapted tor genotoxicity assessment in a wide variety 
of organisms, including yeast [Miloshev et al, 2002], fresh 
water hydra [Devaux and Lamo 1999] shellfish [Pruski and 
Dixon 2(X)2], earthworms [Ra|agum et al, 2(X)^ ] and insects 
[Siddique et al, 200^, Mukhopadhyay et al, 2004] 
In recent years, there has been a worldwide effort to 
reduce the use ot higher animals in toxicological research 
and testing Emphasis has been placed on the develop 
ment ot alternative in vivo models D mekmo^astei is a 
well-established insect model having been used exten-
sively for studies in genetics and developmental biology 
Drosophila has been recommended by the European Cen-
ter tor the Validation of Alternative Methods (ECVAM), 
as an appropriate model tor research and testing [Festing 
et al 1998, Bcnford ct al, 2000| mA over the last decade 
Drosophila has emerged as one ot the most powerful models 
for human diseases [Auluck et al. 2(X)2. Kaazantsev et al, 
20021 and for toxicological lesearch [Gaivao et al 1999 
Kar Chowdhun et al, 1999, Mukhopadhyay ct al, 2003, 
Nazir et al, 2003] In the present study, we have assessed 
the genotoxicity ot industrial solid waste leachates in 
D nielaiioi>astc'i using a modihcd alkaline Comet assay 
MATERIALS AND METHODS 
Fly Strain 
Wild Ivpe D melano^aslt I (Oregon R*) sirain was reared at 24 C ± 
1 C on a standard Drosophila diet prepared Ironi 17 g maue powder 
I*! g sugar 6 g yeast 1 S g agar agar 1 g nepagin (metliyl p hydroxy 
ben^oate) 1 ml propionic acid and 360 ml vsatei 
Reagents 
Ethidium biomide norm il milling point agarose low nKltinL point 
agarose collagenase Tiiton X 100 and eth\l niethani-sultonatc (EMSI 
weie obtained fiom Sigma (St Louis MO) Calcium and magnesium 
trte phosphate butfeied saline (PBS) and Trypan blue weie procuied 
from Hi Media (Mumbai India) Sodium hydroxide (NaOH) di sodium 
ethylenediaminetelraacetate (EDTA) and Tris (hydroxymethyl) amino 
methane (Tris buffer) were obtained Irom SRL (Mumbai India) All 
other chemicals were obtained localK and were ot analytical grade 
Soil and Solid Waste Collection 
The collection ol industrial solid wastes is an importanl factor in the 
assessment of their toxicity and genotoxicity because the composition of 
waste and its phvsiochemical state \aries fiom one collection point to 
another For this reason a randomi/ed sampling technique was employed 
[Ilouk 1992] Wastes generated by a flashlight battcrj factoiy (Gioup 11 a 
pigment plant (Group 2) and a tanneiy (Group 1) were collected from 
waste disposal dumps in the vicmity of Lucknow India ovei t 2 week 
period in early mid July Control soil (S) samples (nonagiicultuial and 
nonindustnal soil presumed to be noncontaminated) were collected fioni 
the vicinity of our Institute about 6 months later in earl\ Februan At 
least hvc randomly collected samples from each site were pooled to 
make a single icpicscnlalive sample toi each ginnp 
Leochate Preparation 
Soil and solid \\astc samples weie air diicd ind cruslied to leduce p ir 
tide si/e The Toxicity Characteristics Leachate Pioeeduie (TCLP) 
[tjSEPA 19901 was adopted for picpanng \fV/c leachates from soil and the 
indusiiial solid wastes at three difterent pHs viz pM 7 0 (in MilliQ water 
neutral) pH 4 93 (in 5 7 ml glacial acetic acid + 64 3 ml 1 N NaOII 9W 
ml MilliQ water mildly atidic) and pH 2 88 (in 5 7 ml ulacial acetic acid 
994 ^ ml MilliQ water highly acidic) The leachates (prepared at thiee 
diflerent pHs) were referied to as A B and C respectively 
Metal Analysis 
Soil and Solid Wastes 
Eight metals wcie anilyzed in the solid wastes using the method of 
the LS EnMronmental Protection Agency |1996| In biief 1 g of drj 
sample was digested with repeated addition ot concentiated nitiic aeid 
(HNO,) and hydrogen peroxide (M^O I^ Ten milliliters of concentiated 
hvdiochloric acid (HCI) was added, and the sample was heated and 
reliuxed at 9'i C ± ^ C for IS mm The digested mateiial was hitered 
through Whatman No 41 filter paper collected in a volumetric flask 
and diluted to 100 ml with water The concentrations ot nictals were 
estimated using an inductively coupled plasma atomic emission spcclio 
pholometci (8440 Plasmalab Labtam Biaesidc Victoria Austrilii) 
Leachates 
Metals in the leachates of control soil and industrial waste samples weie 
analyzed lollowmg the method of Cleseeri et al [1998| Inbiief 100 ml of 
each leachate was digested bv heating with concentiated HNOi and the 
volume was reduced to 5 ml This S ml was added to a volumetric flask 
and diluted to 20 ml with 0 1 N HNO^ Metals were estim itcd b\ indue 
lively coupled plasma atomic emission spectrophotometeiy 
Treatment of the Larvae 
Newly emerged larvae (22 ± 2 hr) weie grown to 96 ± 2 hr on stand iid 
Drosophila diet containing 0 O'iVc 0 I'/i i) Vi 1 0'< and 2 O'r of leach 
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ates prepared from the three industrial solid wastes at different pHs Four 
control groups were included in the study viz negative positive vehicle 
control (VC) and soil (S) control The negative control group received 
standard Drosophila diet while EMS was used as a positive control |Bera 
nek 1990 Siddique el al 2003] Soil control groups received diet contain 
ing 2 (.Vi leachates The VC gioups received the food mixed with the sol 
vents used for preparing the leachates Respective positive and ne}.ative 
controls weie included each time when test samples were analvzed 
Single Cell Preparation 
Single cells were prepared according to the method of Howell and 
Taylor [1968] with some modihcations At 96 ± 2 hr the larvae ueie 
removed and washed with pH 7 0 sodium phosphate butter The anterior 
midgut was dissected out from ten larvie the tissues were pooled in 
Poels salt solution (PSS) [Lakhotia and Mukcriee 1980] and collected 
in a I "i ml microcenlrituge lube The PSS was replaced with colla^enase 
(0 5 mg/ml in PBS pH 7 4) and the tissues were incubated for 15 mm 
at 24 C ± 1 C The cell suspension was then passed through a 60 urn 
nvlon mesh The collagenase was removed by washing the cell suspen 
sion three times with PBS 5 mm each with gentle shaknv Finallv the 
cells were suspended in 80 pi of PBS 
Viabil i ty Assay 
Before bc^inninc the comet assay the viability of the cells was meas 
ured using the Trypan blue dye exclusion method of Phillips [1973] 
Comet Assay and Evaluation of DNA Damage 
Slides were prepared in duplicate lor each group according to the opti 
mized conditions established by Mukhopadhyay ct al [2004] AH the 
experimenis were repeated three times The 80 pi cell suspensions were 
mixed uniformly with 80 pi ot t 5% low melting point agarose (37 C) 
prepared in pH 7 4 PBS (final agarose concentration 0 75%) 75 pi of the 
mixture was immediately layered on the top of the frosted end of a slide 
that was precoated with 1% normal melting point agarose (prepaied in 
MiUiQ water) The slides were placed on a chilled plate for 10 min to 
allow solidihcation of the agarose Next the slides were immersed for 2 hr 
m freshly prepared chilled lysing solution (2 5 M NaCI )00 mM EDTA 
10 mM Tris and \Vi Triton X 100 pH 10) After lysis the slides weie 
placed in a horizontal electrophoiesis tank (Gibco Invitroj.en Carlsbad 
CA) containing tresh chilled electrophoiesis buffer (1 niM Na EDTA and 
300 mM NaOH pH> 13) tor 10 mm for DNA unwinding Alter unwind 
ing electrophoiesis was conducted in the same butter for 15 mm at 0 7 V/ 
cm (300 mA/25 V) at 4 C using a power supply from Techno Source 
(Mumbai India) The slides were then washed three times wuh 04 M Tris 
buffer (pH 7 5) at 4 C to neutralize excess alkali Finally the slides were 
each stained with 75 pi ol 20 pg/ml ethidium bromide lor 10 mm in the 
dark After staining the slides were dipped once m chilled distilled water 
to remove excess stain and 24 x 60 mm covei slips were pi iced over the 
slides All the steps troin single cell preparation onwards were performed 
under dimmed light to avoid Mn light induced DNA damage 
The slides were examined using an image analysis system (Kinetic 
Imaging Liverpool UK) attached to a fluorescent microscope (Leica 
Germany) The images were transferred to a computer through a CCD 
camera and analyzed using Komet 5 0 software One hundred fifty cells 
weie examined from each group (25 cells/slide from 2 slides per experi 
mental group 3 experiments per group) Cells images were randomly 
captured at a constant depth of the gel avoiding occasional dead and 
superimposed cells Three different parimeters were used as indicators 
of DNA damage tail moment (TM) (arbitrary units) tail DNA (%) and 
tail length (pm) The use ot each ot these parameters his previously 
been described in detail [Olive et al 1992] 
TABLE I Color and pH ot the leachates hiom Control Soil 
and 1 hree Industrial Solid Wastes 
Group 
SA 
SB 
SC 
lA 
IB 
IC 
2A 
2B 
2C 
3A 
3B 
3C 
Color of the 
leachate 
Colorless 
Colorless 
Colorless 
Pale blue 
Blue 
Dark blue 
Colorless 
Colorless 
Coloiless 
Pale yellow 
Yellow 
Dark )LI1OW 
pH of the 
solvent 
7 0 0 
4 93 
2 88 
7 0 0 
4 93 
2 88 
7 0 0 
4 93 
2 88 
7 00 
4 93 
2 8S 
pH of the 
leachati 
7 20 
5 23 
3 90 
7 00 
5 26 
4 20 
7 40 
7 20 
5 4(1 
8 60 
7 40 
6S2 
Leachates were from control soil (S) and waste generitcd h\ i flisliliLht 
batter) factoiy (Gioup 1) a pigment plain (Group 2) and a tannery 
(Group 3) and weie piepared with neutral (A pll 7 00) mildly acidic 
(B pH 4 93) ind hishly acidic (C pH 2 SS) solvents 
Statistical Analysis 
The lesults ot the ditterent lieatment aroups and soil contiol wcri. com 
pired with those ot the control using One Wa> ANOVA [Zu 1984) the 
experiment )1 unit tor this analysis was the individual experiment (ii —3) 
Piior to analysis the homogeneity of variance and the normality assump 
tion concerning the data were tested Compaiison ot the control group with 
the other gioups was peiformed using Dunnett s test For multiple compar 
isons between ^roups Schefte s test was carried out The level ot statisti 
e il signihcince was set M P -^ 0 05 In iddition TM dita were analvzed 
on a per cell basis and piesented as distiihution plots The tail DNA and 
tail lenalh data were ilso analvzed tor their statistical signihcanct and pre 
sented as supporting intoimation in the tables 
RESULTS 
The pHs of the control soil leachates atid most of the 
leachates picpdied from the different solid wastes wcte 
more alkaline than the pH ot the extracting solvent and the 
tannery waste leachates were more alkahne than the others 
(Tabic I) With decreasing pH of the extracting solvent 
(from pH 7 0 to pH 2 88) the intcnsit) ot the color ot the 
leachates from the flashlight battery factoi) (blue) and tan-
nery (yellow) wastes increased However leachates of the 
pigment plant waste and contiol soil icinaincd colorless, 
regardless of the pH of the extractmg solvent The final pH 
of the Drosophila food mixed with the triildlv and highly 
acidic solvents was between 6 0 and 6 5 
Table II shows the metals detected [cadmium (Cd), 
chromium (Cr) coppei (Cu) iion (Fe) manuancse (Mn) 
nickel (Ni) lead (Pb) and zinc (Zn)| in control soil and 
Its leachates and in the three different industrial solid 
wastes and their respective leachates (ncutial pH SA lA, 
2A, and ^A mildly acidic pH SB IB 2B and ^B and 
highly acidic pH SC, IC 2C and ^C) High contamina 
tions of Cu were detected m the flashlight battery factory 
solid waste and its leachates, where it was the ma)or 
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TABLE II. Metal Analys i s o f Contro l Soil , 
Sample 
Control soil 
Soil 
SA 
SB 
SC 
Cd 
ND 
ND 
ND 
ND 
Flashlighl baltery factory waste 
Solid waste 
lA 
IB 
IC 
Pigment plant waste 
Solid waste 
2A 
2B 
2C 
Tanner) waste 
Solid waste 
M 
3B 
3C 
0 60 
0 0 1 
0 21 
0 21 
2 20 
ND 
0 08 
0 8 1 
0 20 
0 02 
0 01 
0 01 
Cr 
0 1 
ND 
ND 
0 005 
1 10 
0 02 
0 07 
0 46 
11 10 
0 18 
0 14 
0 96 
1445 0 
48 80 
69 10 
121 90 
Sol id W a s t e s , i 
Cu 
5 48 
0(M8 
0 161 
0 292 
5200 0 
142 
284 00 
3.12 00 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ind Soil and Sol id W a s t e Leachat i 
Metals 
Fc 
12501 
0 071 
0 121 
0 2 1 9 
780 0 
ND 
ND 
ND 
161 00 
ND 
0.03 
0.95 
2687 0 
0 01 
0.03 
0 0 6 
Mn 
ND 
ND 
ND 
ND 
3.90 
0.02 
0.79 
1.07 
5.90 
0.01 
0.]2 
1.60 
71 10 
ND 
0.02 
0 02 
:s 
Ni 
1 38 
ND 
0 006 
0 019 
2 90 
0 08 
1 01 
1 39 
1 00 
0 02 
0 13 
0 29 
62 60 
1 53 
1 8 0 
11 01 
Pb 
0 097 
ND 
ND 
ND 
1170 0 
0 1 
208 00 
2^6 00 
125 60 
0 16 
88 00 
94 50 
1025 
ND 
0 27 
5 00 
Zn 
45 U) 
0 01 
0 16(1 
0 190 
76 10 
0 07 
6 12 
16 89 
496 00 
0 08 
89 29 
100 00 
16 80 
0 24 
2 87 
^ IS 
Group designations as detined in Table I 
Values, are given in ng/g for control !>oil and solid wastes and ng/ml for leachatcs 
ND not detectable, SA, lA. 2A. and 3A leachates prepared with neutral solvent (pll 7 00). SB IB 2B. and IB leachates prepared with mikllv 
atidic solvent (pH 4 93), SC, IC, 2C, and 3C leachates pieparcd with highly atidic solvent (pH 2 88) 
metal detected (Table II) Cd, Cr, Mn. Pb. and Zn were 
detected as the major metals in the solid waste and leach-
ates from the pigment plant, and Cd, Cr. Ni. and Pb as 
the md|or metals in the tannery solid waste and leachatcs 
{Tabic II). Control soil leachates contained Cu, Fe, Zn, 
Cr, and Ni in trace quantities. The concentrations of metal 
ions were the highest in the leachates prepared with the 
highly acidic solvent and the least in those prepared with 
the neutral solvent (Table II). 
The cell viability of the control and all the treatment 
groups varied from 90% to 95% Gut cells from the treat-
ment groups exhibited dose-dependent increases in the 
comet parameters, i e.. % tail DNA, TM, and tail length, gut 
cells from Drosophila larvae exposed to EMS and to each 
of the different solid waste leachates all showed significant 
(P < 0 05) increases in DNA damage (Table III) Gut cells 
from larvae kd with the VC diets made with the pH 2 88 or 
pH 4.9."^  solvents and leachates of control soil did not show 
any significant increase in DNA damage when compared 
with the cells of the control fed on a diet made with pH 7.0 
(purified H2O) (Table III) TM data on a per cell basis are 
presented as distribution plots in Figure IA-G. 
Exposure of Dtosophda larvae to the flashlight battery 
factory waste leachates (IA, IB, and IC) resulted in a 
significant dose-dependent increase (P < 0.05) in TM 
along with a significant increase in tail length and % tail 
DNA, in the gut cells (Table 111) The highest two con-
centrations of the IC leachate (1.0% and 2.0% of highly 
acidic leachate), however, were lethal to the larvae, and 
no comet parameters could be evaluated Analysis of the 
distribution ot cells with respect to TM (Fig lA-C) tor 
the three flashlight battery tactoiy waste leachate groups 
(lA, IB, and IC) revealed a general mcicase in DNA 
damage with decreasing pH ot the leachate solvent For 
example, at the 0 5% concentration, 99 0% cells in Gump 
lA were in the <2 0 TM category and 93 5%- cells in IB 
were in the <2 0 TM category, whereas exposuie to the 
same concentration of IC resulted 111 21 5% cells in the 
<2 0 TM category, 55.5%; cells in the 2 0-4 0 TM cate-
gory, 20.0%- cells in the 4 0-6 0 TM categoiy, and 3 0%-
cells in the 6.0-8 0 TM category A compaiison ot TM 
among the lA. IB, and IC groups levealcd a significant 
increase (P < 0.05) in DNA damage \n the order 
1A<1B<IC (Table IV) along with a significant increase 
in tail length and % tail DNA. A similar trend for increas-
ing DNA damage, as the pH of the leachate solvent 
decreased, was observed for the larvae exposed to the 
leachates ot the tannery wastes, while leachatcs ot the 
pigment plant wastes only increased the comet parameters 
tor the highest leachate concentrations undei acidic 
conditions (Tabic HI, suinmaiizcd in Table IV) Comet 
parameters could not be evaluated tor 3C at the 2 0%-
concentration, as this concentration was lethal to the lar-
vae (Table III) 
A direct comparison of the three comet paramcieis tot 
the ditfcient waste leachatcs prepared at the same pH 
revealed that DNA damage in Drosophila gut cells 
increased (P < 0.05) in the geneial ordei of Gioup 2 
(pigment plant waste) < Group 3 (tannety waste) 
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TABLE III DNA Damage Induced in Gut Cells of 
D melanogaster Larvae Fxposed to Leachates of Control 
Soil and Solid Wastes hrom Hashlight Battery Factory, 
Pigment Plant, and fannerv 
Group 
Contiol 
VC (pH 4 9^) 
VC (pl l 2 88) 
1 niM EMS (PC) 
2 07r SA 
2 0?}. SB 
2 0% SC 
0 5% lA 
1 0% lA 
2 0% lA 
0 1% IB 
0 ' i% IB 
1 0% 1B 
2 0% 1B 
0 05% IC 
0 1% IC 
0 5% IC 
1 0% IC 
2 0% IC 
2 0% 2A 
1 0% 2B 
2 0% 2B 
1 0% 2C 
2 0% 2C 
0 5% 3A 
1 0%. ^^ 
2 0% 3A 
0 1% 3B 
0 5% 3B 
1 0% 3B 
2 0% 3B 
0 1% 3C 
0 5% 3C 
1 0% 3C 
2 0% IC 
Tail DNA (%) 
8 63 ± 
8 32 ± 
8 75 ± 
22 53 ± 
8 29 ± 
8 61 ± 
8 94 ± 
8 44 ± 
12 63 ± 
19 83 ± 
8 74 ± 
12 28 ± 
18 06 ± 
23 14 ± 
8 73 ± 
12 25 ± 
20 49 ± 
0 57 
0 56' 
0 39" 
1 22* 
0 20'" 
0 76"" 
0 80"-
0 47" 
0 72* 
0 03* 
0 77" 
0 16* 
0 46* 
0 3 1 * 
0 38" 
0 17* 
0 18* 
LC 
LC 
8 70 ± 
8 70 ± 
1061 ± 
871 ± 
12 28 ± 
8 77± 
12 38 ± 
1461 ± 
861 ± 
12 30 ± 
15 09 ± 
17 60 ± 
8 76 ± 
13 35 ± 
19 01 ± 
0 42"-
0 7 1 " 
0 40'-
0 83' 
0 64* 
0 39' 
0 64* 
0 64* 
0 14" 
0 37* 
0 63* 
0 22* 
0 17" 
0 37* 
0 54* 
LC 
Tail nioniem 
(arbiliary units) 
0 68 ± 
0 68 ± 
0 67 ± 
2 88 ± 
0 80 ± 
081 ± 
0 75 ± 
0 70 ± 
1 37 ± 
4 08 ± 
0 66 ± 
1 09 ± 
2 50 i 
5 27 ± 
0 65 ± 
1 13 ± 
3 30 ± 
0 02 
0 02" 
0 02 -
0 18* 
0 04' 
0 05" 
0 11'-
0 03'-
0 04* 
0 2 1 * 
0 04" 
oor 
0 27* 
0 38* 
0 06"-
0 11' 
0 13* 
LC 
LC 
0 69 ± 
0 67 ± 
1 03 ± 
0 67 ± 
1 13 ± 
0 69 ± 
0 97 ± 
2 52 ± 
0 69 ± 
0 88 ± 
1 66 ± 
1 31 ± 
0 69 ± 
1 17 ± 
4 17 ± 
0 03"-
0 02"-
0 18' 
0 02" 
0 07' -
0 \V 
0 11" 
0 13* 
0 03"-
0 01 
0 03* 
O i l * 
0 03'-
0 13'-
0 08* 
LC 
T i l l 
leii{,lh (Jim) 
6 62 ± 0 08 
6 34 ± 0 25" 
6 59 ± 0 29" 
1116 ± 1 7 1 " 
7 67 ± 0 19 
7 97 ± 0 79" 
8 03 ± 0 02"-
6 59 ± 0 31" 
12 82 ± 0 35* 
34 02 ± 0 60* 
6 58 ± 0 43"-
16 28 ± 0 59* 
24 43 i 0 10* 
36 98 ± 0 57" 
6 46 ± 0 17" 
15 62 ± 0 15-
34 32 ± 0 74 
LC 
LC 
6 62 ± 0 18"-
6 59 ± 0 33" 
n 86 ± 0 27* 
6 66 + 0 22" 
17 17 ± 0 31'-
6 60 ± 0 05" 
12 70 ± 0 30* 
23 13 ± 0 47* 
6 66 ± 0 29"-
12 36 ± 0 31* 
25 22 i 1 00* 
34 10 ± 0 60* 
6 68 ± 0 43" 
16 22 ± 0 311-
13 69 ± 0 30" 
LC 
Group designations as defined in Table 1 
Values aie mean ± SD of three experiments per group 
ns not significant *P < 0 05 vs control 
LC lethal concentration VC vehii-lc control PC positive control EMS 
Lthvl methanesulfonate SA lA 2A and 3A leachates prepared with 
neutial solvent (pH 7 00) SB IB 2B and 3B leachates prepared with 
mildly acidic solvent (pH 4 931 SC IC 2C and IC leachates prep ired 
with highly acidic solvent (pH 2 88) 
< Group 1 (flashlight battery factory waste) (summarized 
in Table V) A comparison ot the TMs for contiol soil 
leachates and for the different industrial waste leachates 
revealed increases in magnitude ot genotoxicity tor the 
latter cspecjaJly with regard to Groups 1 and 3, and 
Group 2 with tail length parameter (Table V) 
DISCUSSION 
Recent studies from this laboratory [Siddique et al , 
2003 Mukhopadhyay et al 2004] used a modihed Comet 
assay protocol to detect genotoxicity in D nicUiiio'^asrci 
The present study extends these observations and demon-
strates the model s usefulness for examining the gcnotoxic 
potential ot leachates from different industrial solid 
wastes in an in vivo assav 
Landhll stabilization has been suggested as a principal 
reason for the increase in the pH of solid wastes This 
increase could be due to conversion ot accumulated acids 
to carbon dioxide and methane by methanogenic bacteiia 
This conversion ot acids leads to increased pH in the 
landhll [Balraz et al 1989 Chnstensen et al, 2001] One 
contiibuting factor to the relative alkalinity of the leach-
ates in the present study may be the age ot the solid 
wastes that were collected 
Industrial solid wastes usually contain a complex mix-
ture ot organic and inorganic chemicals the natuic of 
which depends upon the type ot indusuv In the present 
study the concentrations ot eight metals were estimated 
in both the solid wastes and their leachates All the leach-
ates contained Cd, Cr Ni, Fe, Cu Pb and Mn in variable 
concentrations However, Fe was not detected in leachates 
ot flashlight battery factory waste and Cu was not 
detected in the wastes from the pigment plant and the tan-
nery A number of metal salts such as Ci Ni Cd arsenic 
(As) Fe Cu and Mn, are known to be potent induceis of 
DNA damage |Desoize, 2003] Hexavalent Cr a well-
known caicinogen [lARC Working Group 199()a] indu-
ces chromosomal abenations micronucleus tormation 
and single-strand DNA breaks in mammalian cells (Wise 
et al 2002] and gene mutation in bactciia [De Flora 
et al 1990] Ni(II) is considered a potent carcinogen 
flARC Working Group 199()b] and is genotoxic [Hong 
et al 1997] as well as acting syncrgisticalK with other 
DNA-damaging agents [Christie, 1989] Cd is anothci cat-
egory I caicinogen [lARC Woiking Group 1991] Cu 
produces tree radicals and when piescnt in an unbound 
condition it produces reactive oxjgcn species that cause 
DNA, protein, and lipid damages [Galaris and Evangelou, 
2(X)2] Inorganic Pb compounds arc considered possible 
caicinogcns (category 2B) [lARC Working Gioup 1987], 
and Pb causes chromosome aberration in humans [Haya-
shi 1983] and inhibits the repair ot DNA damaszc [Hail-
wig et al, 1990] 
The leachates made trom the thicc industrial wastes 
displaced different colors The change in the intensity of 
the color ot the leachates trom flashlight battcrv factory 
waste and the tannciv waste that was noted with the 
different pH solvents may be due to the incicased concen-
tration of Cu containing salts in the tormei and Ct con-
taining salts in the latter The reason foi the relatively 
high levels of Cu in the flashlight battel v taetorv waste is 
the extensive use of Cu as an cleetneal eonduetoi and 
therefore it is a major component ot the waste In the 
tannery Cr is extensively used in the leathei tanning 
process which leads to the production ot highly oxidized 
194 Siddique etal. 
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Fig. 1. EftcLLs of thiee induslridl solid v.aslc leachaies and conlrol soil leachales from pigmenl plaiU waste; and Gioup "^ leachales tiom tannery 
leachates on the distnbulion of Drosophila anterior midgut cells with dif- waste, each prepared with neutral (A. pH 7 0), mddiy atidit (B; pH 
ferent levels of DNA damage, as measuied by TM. S: control soil leach- 4.93). and highly acidic (C; pi! 2 88) solvents 
ales; Group 1: leachates from flashlight battery factory waste; Group 2 
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TABLE IV Effect of the Solvent pH on the DNA Damage 
Produced by Industrial Solid Waste Leachates in the Gut 
Cells of D. inelanogaster 
Group 
Tail 
DNA(%) 
Tail moment 
(arbitrary units) 
Till! 
length (\im) 
IB and IC vs. 
0.5% IB 
1.0% IB 
2.0% IB 
0.5% IC 
IC v.s, IB 
0.5% IC 
2B and 2C v.s. 
2.0% 2B 
2.0% 2C 
2C vs. 2B 
2.0%. 2C 
3B and 3C vs. 
0.5% 3B 
1.0% 3B 
2.0% 3B 
0.5% 3C 
1.0% 3C 
3C vs. 3B 
0.5% 3C 
1.0% 3C 
lA 
2A 
3A 
ns 
+ 
ns 
+ 
+ 
ns 
ns 
ns 
ns 
ns 
ns 
ns 
+ 
ns 
ns 
ns 
ns 
ns 
+ 
ns 
ns 
ns 
ns 
ns 
ns 
+ 
+ 
+ 
+ 
+ 
+ 
Group designations a.s defined in Table 1. 
ns, not significant: ~P < 0.05. 
All comparisons were made at a single lest concenlvalion of leachates 
inade from the same industrial waste. 
lA, 2A. and 3A: leachates prepared with neutral solvent (pH 7.00); IB, 
2B, and 3B: leachates prepared with mildly acidic solvent (pH 4.93); IC, 
2C. and 3C: leachates prepared with highly acidic solvent (pll 2.88). 
hcxavalcnt Cr [Barnhart. I997|. Since the pigment plant 
makes extensive use of Pb. Zn. Cd, and Cr for the pro-
duction of dyes, it is not surprising that the concentration 
of these metals in the pigment plant waste was above the 
permissible levels specified by the Bureau of Indian 
Standards [1982], for surface water quality. 
Although the relatively high concentrations of carcino-
genic/mutagenic metal compounds in the leachates may 
well have contributed to the DNA damage detected in 
Drosophila, the metals may not be the only factor contri-
buting to the genotoxicity of the leachates. In addition, 
the synergistic or antagonistic effects of a number of 
potential chemicals present in the leachates could have 
affected the genotoxic responses. Moreover, complex 
industrial effluents contain many unidentified toxicants, 
known as nonconventional pollutants (NCPs), which rep-
resent a risk of unknown inagnitude [American National 
Research Council, 1991). Thus, NCPs also could have 
contributed to the genotoxicity of the leachates assayed in 
the present study. 
All three industrial solid waste leachates produced dose-
dependent increases in DNA dainage, in the gut cells of Dro-
sophila larvae. Leachates prepared with the highly acidic sol-
vent were significantly more genotoxic than the leachates 
prepared with neutral H2O or the mildly acidic solvents. The 
TABLE V. Effect of the Source of Indu.strial Waste on DNA 
Damage Produced by Industrial Waste Leachates in the (Jut 
Cells of V. inelanogaster 
Group 
Tail 
DNA (%) 
Tail moment 
(arbitrary units) 
Tail 
length (|jm) 
lA and 3A vs. 2A 
2.0% lA 
2.0% 3A 
lA vs. 3A 
0.5% lA 
1.0% lA 
2.0%. lA 
IB and 3B vs. 2B 
1.0% IB 
2.0% IB 
1.0% 3B 
2.0% 3B 
IB vs. 3B 
0.5% IB 
1.0%. IB 
2.0% IB 
IC and 3C vs. 2C 
1.0% 3C 
IC vs. 3C 
0.5% IC 
lA, 2A, and 3A vs. 
2.0% lA 
2.0% 2A 
2.0% 3A 
IB. 2B. and 3B vs. 
2.0% IB 
2.0% 2B 
2.m 3B 
IC. 2C, and 3C vs. 
2.0% 2C 
ns 
ns 
+ 
+ 
+ 
+ 
+ 
ns 
ns 
•+ 
+ 
+ 
ns 
ns 
-I-
+ 
+ 
ns 
+ 
ns 
ns 
-I-
ns 
ns 
+ 
+ 
+ 
f 
ns 
ns 
ns 
SA 
+ 
ns 
+ 
SB 
SC 
-1-
ns 
+ 
ns 
+ 
+ 
ns 
+ 
+ 
+ 
+ 
Group designations as defined in Table I. 
ns, not signilicant; 'P < 0.05. 
Comparisons were made at the same test concentration of different 
leachates prepared with .solvents of the same pH. 
SA. lA. 2A. and 3A: leachates prepared with neutral solvent (pfl 7.00); 
SB, IB. 2B, and 3B: leachates prepared with mildly acidic solvent (pfl 
4.93); SC, IC, 2C, and 3C: leachates prepared with highly acidic solvent 
(pH 2.m. 
pH of the dosed diets fed to the larvae were all between 6.0 
and 6.5, indicating that the increased genotoxicity of the acid 
leachates may be due to higher leaching of metal ions and 
possibly a generally higher yield of organic substances under 
acidic conditions [Rajaguru et al., 2002). 
Of the leachates evaluated, it is evident from the comet 
paraineters that leachates prepared from flashlight battery 
factory waste had the greatest DNA-damaging activity. This 
may be due to the presence of higher concentrations of Cu, 
Pb, Mn, and Ni, along with NCPs, in the waste from the 
flashlight battery factory. It is also intriguing to note that 
leachates from the pigment plant waste had the least DNA-
damaging potential. Although Pb, Cd. Mn, and Zn were 
detected in high concentrations in this leachate, the mixture 
of these metals and the NCPs could be less bioavailabic to 
Drosophila than were the toxicants in the other leachates. 
196 Siddiqueetal 
In previous studies tiansgenic Drosophila with stress 
gene promoters weic used for evaludting the toxicity of 
different environmental chemicals [Mukhopadhyay et al 
200^ Nazir et al 2003] The piesent study measuring 
DNA damage with the Comet assay strengthens the use 
of D mclano^astei as an in vivo model for assessing the 
genotoxicity of complex chemical mixtures Further stud 
les to evaluate and monitor waste disposal sites and 
industrial effluents are necessary to fully assess the 
wastes' genotoxic potential to flora and fauna 
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RESULTS. Females responded to generated song as a biologically meaningful signal. Mating 
amount was consistent between recorded and artificially generated treatments, both higher than 
silence (Figure la). Wingless males courted more when played recorded song than during no-song 
controls (Tukey post-hoc test, df = 104, p = 0.039). However, CE did not differ during generated vs. 
recorded songs (p = 0.143) or any other 
combination. 
Males responded to artificial song by 
wing flicking at a cohabitating male. More 
flicking occurred during pulse or sine than 
during white noise (Figure lb; Bonferoni 
adjusted paired t-test), indicating that both 
sounds stimulated the auditory system. 
SUMMARY. This program generated songs 
that males and females recognized as 
meaningful signals. Females mated during 
artificial and recorded songs. Males responded 
to pulse and sine components. Importantly, the 
program could generate many animal sounds, 
particularly those with amplitude, rather than 
frequency, modulated structures. With some 
simple modifications, it could generate more 
complex sounds, allowing researchers to avoid 
problems encountered when using recorded 
song playbacks. 
References: Alt, S., J. Ringo, B. Talyn, 
W. Bray, and H. Dowse 1998, Animal Behaviour 56: 87-97; Crossley, S.A., H.C. Bennet-Clark, and 
H.T. Evert 1995, Animal Behaviour 50: 827-839; Kroodsma, D.E., 1989, Animal Behaviour 37: 
600-609; Talyn, B., and H. Dowse in press, The role of courtship song in sexual selection and 
species recognition by female Dwsophila melanogaster. Animal Behaviour. 
n Males 
Figure 1. a) Females respond to recorded and 
artificial courtship song. Both elicit significantly 
more mating with wingless males than in the 
absence of playback, b) Males respond to pulse 
and sine song as biologically relevant signals. 
Dwsophila melanogaster as an in vivo model for somatic cell genotoxicity of 
chemicals by Comet assay. 
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Issues of animal use and care in toxicology research and testing have become one of the 
fundamental concerns for both science and ethics. Emphasis has been given for the use of 
alternatives to mammals in testing, research, and education. 
For several decades Drosophila has been in use widely as an insect model, because of its 
well-elucidated genetics and developmental biology. Moreover, its use has been recommended by 
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Modulation by reactive oxygen species 
Subash Chandra Gupta'''', Hifzur Rahman Siddique^, Neeraj Mathur^, 
Achchhe Lai Vishwakarma ^ Ranjit Kishore Mishra'*, 
Daya Knshna Saxena ^, Debapratim Kar Chowdhuri '^* 
" Emhryotoxicologv Section Industrial Toxicology Reseaich Centre PO Box No 80 Mahatma Gandhi Marg Lucknon 226 001 Ullai Pradesh India 
^ Epidemiology Section Industrial Toxicology Research Centre Lucknow 226 001 India 
' SAIF Division Central Drug Research Institute Chhattar Manzil Palace Lucknow 226 001 India 
'' Department of Biochemistry University of Lucknow Lucknow 226 007 India 
Received 2 April 2007, received in revised form 23 May 2007 accepted 30 May 2007 
Available online 16 June 2007 
Abstract 
We examined a hypothesis that reactive oxygen species (ROS) generated by organophosphate compound dichlorvos modulates Hsp70 expression 
and anti-oxidant defense enzymes and acts as a signaling molecule for apoptosis in the exposed organism Dichlorvos (0015 150 ppb) without or 
with inhibitors of Hsp70, superoxide dismutase (SOD) and catalase (CAT) were fed to the third instar larvae of Drosophila melanogaster transgenic 
for hsp70 (hsp70-lacZ) Bg^ to examine Hsp70 expression, oxidative stress and apoptotic markers A concentration- and time-dependent significant 
increase in ROS generation accompanied by a significant upregulation of Hsp70 preceded changes in antioxidant defense enzyme activities and 
contents of glutathione malondialdehyde and protein carbonyl in the treated organisms An inhibitory effect on SOD and CAT activities significantly 
upregulatcd ROS generation and Hsp70 expression in the exposed organism while inhibition of Hsp70 significantly affected oxidative stress markers 
induced by the test chemical A companson made among ROS generation Hsp70 expression and apoptotic markers showed that ROS generation is 
positively correlated with Hsp70 expression and apoptotic cell death end points indicating involvement of ROS in the overall adversity caused by the 
test chemical to the organism The study suggests that (a) Hsp70 and anti-oxidant enzymes work together for cellular defense against xenobiotic 
hazard in D melanogaster and (b) free radicals may modulate Hsp70 expression and apoptosis in the exposed organism 
© 2007 Elsevier B V All rights reserved 
Keywords Dichlorvos Hsp70 Oxidative stress ROS Apoptosis, Transgenic Drosophila 
1. Introduction 
Organisms across kingdoms are subjected to a large number 
of stresses and respond by altenng their cellular metabolism and 
activating their defense mechanisms The first response of an 
organism to any environmental alteration inducing stress is at the 
biochemical level, which underlies all effects at higher 
organizational levels Stress response and anti-oxidant defense 
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' Present address Central Fuel Research Institute, Dhanbad 828 108 India 
system consists of stress proteins (also termed as heat shock 
proteins, Hsps) and anti-oxidants (both enzymatic and non-
enzymatic), which are the primary protective responses that are 
highly conserved components of cellular stress responses found 
in all phyla from bacteria to man 111 
Onginally discovered as inducible proteins against heat 
shock, the Hsps counter proteotoxic effects and play various 
roles in a cell including chaperoning proteins during synthesis, 
folding, assembly and degradation Among the stress genes 
family, hsp70 is one of the highly conserved genes and first to be 
induced against various stressors During the last decade, 
application of hsp70 was found to offer potential to be one of 
the candidates for predicfing cellular toxicity against environ-
0304-4165/$ - see front matter © 2007 Elsevier B V All nghts reserved 
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Adverse effect of organophosphate compounds, dichlorvos and 
chlorpyrifos in the reproductive tissues of transgenic Drosophila 
melanogaster. 70 kDa heat shock protein as a marker 
of cellular damage 
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Abstract 
The study highlights the adverse effects of organophosphate compounds dichlorvos and chlorpynfos on reproduction in 
Drosophila Freshly eclosed first instar larvae ot Drosophila melanogaster transgenic for hsp70 (hsp70 lacZ) Bs,'' were ted on 
0 OlS-lSO Oppb dichlorvos and chlorpyrilos mixed lood Virgin Hits cclosing Irom the normal and contaminated lood were pair-
mated to examine the effect of the test chemicals on reproduction of the exposed organisms Expression of hsp70 sex peptide (SP 
or Acp70A) accessory gland protein (Acp36DE) and tissue damage was examined in reproductive organs ot adult fly Exposed 
organisms exhibited a dosc-dtpcndcnl significantly reduced reproductive outcome and males were lound to be more sensitive than 
females Hsp70 expression was restneted only within the testis lobes of male fly while it was not induced in the ovary of the temale 
In concurrence with absence of hspJO expression in the accessory glands ol male fly tissue damage was evident in them Acp70A 
and Acp36DE expression were found to be signihcanlly downregulated at the higher concentrations ol the test chemicals The study 
suggests that (i) dichlorvos is more deleterious to fly reproduction compared to chlorpyritos with an adverse effect on Acp70A and 
Acp^6DE expression required to facilitate normal reproduction, (u) hsp70 may be used as a marker of cellular damage against 
dichlorvos and chlorpynfos in Drosophila 
© 2007 Elsevier Ireland Ltd All rights reserved 
Keyv.ord'^ Dichlorvos Chlorpynfos hspJO Tissue damage Accessory gland proteins Drosophila 
Ahhrexialions Acps accessory gland proteins AchE acetylcholinestearse CP chlorpynfos DV dichlorvos DMSO dimelhylsulphoxide 
DAB diaminobenzidine tetra hydrochloride HSP heat shock protein HRP horse radish peroxidase PCR polymerase chain reaction ppb parts 
per billion PSS Poels salt solution X gal 5 bromo 4 chloro 3 indolyl P D galactoside 
' Corresponding author at Embryotoxicology Section Industrial Toxicology Research Centre PO Box No 80 Mahatma Gandhi Marg 
Lucknow 226001 Uttar Pradesh India Tel +91 522 2620107/2620207/26n786/2627'i86x218/219 fax +91522 2628227/2611547 
E mail address dkarchowdhuri@rediftmail com (D K Chowdhuri) 
' Present address Central Fuel Research Institute Dhanbad 828108 India 
0300 483X/$ - see front matter © 2007 Elsevier Ireland Ltd All rights reserved 
doi 10 1016/jtox2(X)7 05 017 
Arch Environ ConUm Toxicol 51 673-680(2006) 
DOl 10I007/S00244 005 0169 6 A R C H I V E S OF E n v i r o n m e n t a l 
C o n t a m i n a t i o n 
a r-i d T o x i c o l o g y 
© 2(XX) Springer Science+Busineis Media, Inc 
Synthetic Pyrethroid Cypermethrin Induced Cellular Damage in Reproductive 
Tissues of Drosophila melanogaster: Hsp70 as a Marker of Cellular Damage 
Indranil Mukhopadhyay,' ^ Hifzur Rahman Siddique,' Virendra Kumar Bajpai,^ Daya Krishna Saxena,' 
Debapratim Kar Chowdhuri' 
' Embryoloxicology Section Industrial Toxicology Research Centre PO Box No 80 M G Marg Lucknow 226 001 Uttar Pradesh India 
^ Electron Microscopy Unit Central Drug Research Institute Chaltar Manzil M G Marg Lucknow 226 001 Uttar Pradesh India 
Received 4 July 2005/Accepted 19 September 2005 
Abstract. We tested a working hypothesis of whether the 
synthetic pyrethroid cypermethrin used worldwide for insec-
ticiddl purpose, causes adverse effects on reproduction in 
Drosophila melanogaster Freshly eclosed first instar larvae of 
a transgenic strain of Drosophila melanogaster Bg , trans 
genic for hsp70 (hsp70-lacZ), were transferred to different 
dietary concentrations of the test chemical (0 002, 0 02, 0 2, 
0 5 and 50 0 ppm) Larval mortality was observed at the 
higher dosed groups (0 2, 0 5, and 50 0 ppm) Following pair 
mating of virgin flies emerging from the treatment groups a 
significant (p < 0 05) effect on reproduction was observed in 
the lowest two dietary concentrations of the test chemical as 
compared to control The test chemical exhibited a hazardous 
effect on the reproductive organs of the exposed organism as 
evident by Hsp70 expression and tissue damage The impact of 
damage was comparatively more prominent in male flies than 
in females Hsp70 expression was restricted only within the 
testis lobes of male, while ovary in the female fly did not 
exhibit any Hsp70 expression Interestingly, the accessory 
glands of male flies in these treatment groups reflected intense 
tissue damage as evident by Trypan Blue staining This was 
further corroborated by ultrastructural changes like higher 
vacuolization and disorganized filamentous bodies in the 
accessory glands of these groups The present study indicates a 
profound effect on reproduction by cypermethrin and suggests 
the protective role of hsp70 
Heat shock response is the best in conserved responses 
throughout evolution right from bacteria to man (Ashburner 
1982) Heat shock proteins (Hsps) are families of proteins that. 
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when expressed play a pivotal role m the protection and 
maintenance of several vital cellular functions Hsps also play 
a chaperone role by folding newly synthesized proteins to 
acquire their proper conformation and have also been impli 
cated in protein translocation or in protein repair (Lindquist 
and Craig 1988, Morimoto et al 1994b, Nover 1991) Since 
the serendipitous discovery of these genes by temperature 
shock, several factors were found to induce the members of 
this family and, therefore, they are now in general termed 
stress genes and their products are termed stress proteins 
(Nover 1991, Sanders 1993) Among the stress proteins Hsp70 
is highly conserved among prokaryotes and eukaryotes 
(Sanders 1993) Hsp70 appears to fulfill myriad functions such 
as stabilizing unfolded precursor proteins in an unfolded state 
before folding and assembly in organelles (Becker and Craig 
1994), and binding to hydrophobic surfaces ot denatured 
proteins, thereby promoting the dissolution ot insoluble 
aggregates and the refolding of polypeptides (Yokoyama et al 
2000) Since the members of Hsp70 are often the prominent 
proteins to be expressed following environmental insults, they, 
therefore, in recent years, have been proposed to be very useful 
biomarkers to monitor the impact ot environmental factors on 
various organisms including many invertebiates (de Pomerai 
1996, Kar Chowdhuri et al 1999, Lewis et al 1999 Mu 
khopadhyay et al 2002a, b, Nazir et al 2003a b) 
Drosophila has long been used worldwide as a pet model by 
geneticists and developmental biologists to dissect out various 
intricate cellular and molecular mechanisms Because of its 
worldwide distribution in ecological niches Drosophila has 
been in use in environmental monitoring studies more than 
being a non-target organism of environmental chemicals 
Furthermore use of Drosophila was recommended by the 
European Centre for the Validation of Alternative Methods 
(ECVAM) whose goal is to promote the scientific and regu-
latory acceptance of alternative methods, which are of 
importance in the field of bioscience and reduce, refine, or 
replace the use of laboratory animals (Benford et al 2000, 
Mukhopadhyay et al 2004) 
The use ot transgenic technology scores over the non 
transgenic model because of easy detection and furthermore 
the endogenous activity of the reporter gene can be nullified 
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Hazardous effect of organophosphate compound, dichlorvos in 
transgenic Drosophila melanogaster (hsp70-lacZ): Induction of hsp70, 
anti-oxidant enzymes and inhibition of acetylcholinesterase 
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Abstract 
We tested a working hypothesis that stress genes and anti-oxidant enzyme machinery are mduced by the organophosphate compound 
dichlorvos in a non-target organism. Third inslar larvae of Drosophila melanogaster transgenic for hsp7Q were exposed to 0 I to 100 0 
ppb dichlorvos and 5 0 mM CUSO4 (an inducer of oxidative stress and stress genes) and hsp70, and activities of acetylcholinesterase 
(AchE), superoxide dismutase (SOD), catalase (CAT) and lipid peroxidation (LPO) product were measured. The smdy was further 
extended to examine tissue damage, if any, under such conditions A concentration- and time-dependent increase m hsp70 and anti-
oxidant enzymes was observed m the exposed organism as compared to control A comparison of stress gene expression with SOD, CAT 
activities and LPO product under similar experimental conditions revealed that induction of h'ip70 precedes the anti-oxidant enzyme 
activities in the exposed organism Further, concomitant with a significant inhibition of AChE activity, significant induction of hsp70 was 
observed following chemical exposure Mild tissue damage was observed in the larvae exposed to 10 0 ppb dichlorvos for 48 h when 
hsp70 expression reaches plateau Dichlorvos at 0 I ppb dietary concentration did not evoke significant hsp70 expression, anti-oxidant 
enzymes and LPO and AchE inhibition in the exposed organism, and thereby, was found to be non-hazardous to D melanogaster. 
Conversely, 1 0 ppb of the test chemical stimulated a significant induction of hsp70 and anti-oxidant enzymes and significant inhibition 
of AchE, hence this concentration of test chemical was hazardous to the organism The present sUidy suggests that (a) both stress genes 
and anti-oxidant enzymes are stimulated as indices of cellular defense against xenobiotic hazard in D melanogattei with hsp70 being 
proposed as first-tier bio-indicator of cellular hazard, (b) 0 1 ppb of the test chemical may be regarded as No Observed Adverse Effect 
Level (NOAEL), and I 0 ppb dichlorvos as Low Observed Adverse Effect Level (LOAEL). 
© 2005 Elsevier B V All rights reserved. 
Kc\\u)rd\ Dichlorvos, hsp7(), SOD, CAT, LPO, AchE, Transgenic Drosophila 
1 Introduction order biological responses at the organismal level only after 
initiating biochemical and cellular events Since organisms 
Continuous exposure to all organisms to environmental, try to withstand the onslaughts of stressllil conditions by 
physiological and metabolic stressors leads to greater risk of activating a specific group of genes to translate specific 
harmful health outcomes The stressors can trigger higher- proteins, the expression of such genes may be useful as an 
mdex of stress [ 1,2] 
During the past four decades, it has become readily 
„ „ , „ , „ , , , . , 0 ^ , perceived that under stressful conditions, such as exposure 
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Abstract 
This study investigated the working hypothesis that two widely used organophosphate pesticides, Nuvan 
and Dimecron, exert toxic effects in Drosophila Transgenic D melanogaster (hsp70-lacZ) was used as 
a model for assaying stress gene expression and AchE activity as an endpoint for toxicity and also to 
evaluate whether stress gene expression is sufficient to protect against toxic insult of the chemicals and to 
prevent tissue damage The study was extended to investigate the effect of the pesticides on the life cycle 
and reproduction of the organism The study showed that Nuvan affected emergence of the exposed flies 
more drastically than Dimecron and the effect was lethal at the highest tested concentration (0 075 ppm) 
While Nuvan at 0 0075 and 0 015 ppm concentrations affected reproduction of the flies signihcantly, 
the effect of Dimecron was significant only at 0 015 and 0 075 ppm Nuvan-exposed third-instar larvae 
exhibited a 1 2-fold to 1 5-fold greater/li'/?70 expression compared to Dimecron at concentrations ranging 
from 0 0075 to 0 075 ppm following 12 and 18 h exposure While maximum expression of h<ip70 was 
observed in Nuvan-exposed third-instar larval tissues following 18 h exposure at 0 075 ppm, Dimecron at 
the same dietary concentration induced a maximum expression of hsp70 following 24 h exposure Further, 
concomitant with a significant induction of hsp70, significant inhibition of AchE was observed following 
chemical exposure and temperature shock Concurrent with a significant decline in hsp70 expression 
in Nuvan-exposed larvae after 48 h at 0 075 ppm, tissue damage was evident Dimecron-exposed larvae 
exhibited a plateau in hsp70 induction even after 48 h exposure and moderate tissue damage was observed 
in these larvae The present study suggests that Nuvan is more cytotoxic than Dimecron in transgenic 
Drosophila melanogaster 
Abbreviations AchE, acetylchloinesterase, DAB, diaminobenzidine tetrahydrochlonde, ECVAM, Euro-
pean Center for the Validation of Alternative Methods, HSP, heat shock protein, HRP horseradish perox-
idase, MRL, maximum residue limit, NOAEL, no observed adverse effect level, ONPG, 0-nitrophenyl-
(3-D-galactopyranoside, ppm, parts per million, OP, organophosphate pesticide, PSS, Poels' salt solution 
Introduction tural practice is essential for protection of crops 
against damage induced by pests, exposure to 
Pesticides are used for crop protection in India them produces adverse effects in exposed pop-
and elsewhere Although their use in agricul- ulations, including humans (John et al , 2001) 
